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Remodelling of corticostriatal axonal
boutons during motor learning
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Motor skill learning induces long-lasting synaptic plasticity at dendritic spines'* and
at the outputs of motor cortical neurons to the striatum*®. However, little is known
about corticostriatal axon activity and structural plasticity during learning in the adult
brain. Here, using longitudinal in vivo two-photon imaging, we tracked thousands of
corticostriatal axonal boutonsin the dorsolateral striatum of awake mice. We found
that learning a new motor skill dynamically regulated these boutons. The activities of
motor corticostriatal axonal boutons exhibited selectivity for rewarded movements
(RM) and unrewarded movements (UM). Notably, boutons on the same axonal
branches showed diverse responses during behaviour. Motor learning significantly

increased the proportion of RMboutons and reduced the heterogeneity of bouton
activities. Moreover, motor learning induced profound structural dynamism in
boutons. By combining structural and functional imaging, we saw that newly formed
axonal boutons were more likely to exhibit selectivity for RM and were stabilized
during motor learning, whereas UM boutons were selectively eliminated. These
findings reveal anovel form of plasticity in corticostriatal axons and show that motor
learning drives dynamic bouton reorganization to support motor skill acquisition

and execution.

Learning and executing fine movement skills require corticostriatal
circuits’ ™. During motor learning, neuronal ensembiles in the pri-
mary motor cortex (M1) first expand and later refine it into a smaller
population that generates reproducible activity sequences®!. M1
neurons project to the dorsolateral striatum (DLS)* ™ and drive stri-
atal spiny projection neurons (SPNs)®. DLS activity reflects that of M1
neurons” and reorganizes to encode movement sequences'®. Motor
learning also remodels dendritic spines, strengthening synaptic con-
nections to the striatum®. Conversely, spine loss in disorders such as
Parkinson’s disease disrupts corticostriatal transmission°, Although
spine plasticity is well-characterized, whether presynaptic boutons
also undergo in vivo activity and structural remodelling remains
unclear®® 2,

We trained mice to perform a cued lever-pushing task under a
two-photon microscope' (Fig. 1a). Lever pushes beyond a set thresh-
old after cue onset were rewarded with water; uncued pushes dur-
ing the inter-trial interval (ITI) were not rewarded and triggered
an additional timeout (Supplementary Video 1). Mice were trained
daily for approximately two weeks (n =17 mice). Over time, suc-
cess rate (Fig. 1b) and reaction times (Fig. 1c) improved, and ITI
lever pushes decreased (Fig. 1d and Extended Data Table 1). Lever
trajectories also became more stereotyped (Fig. 1e), with higher
pairwise correlation between trials (Fig. 1f)—a signature of motor
learning®™"1®,

Movement-related M1 axonal bouton activities

To investigate bouton activity during motor learning, we injected
adeno-associated virus (AAV) encoding the genetically encoded Ca**
indicator GCaMP6s* into M1 layer 5% and implanted a chronic window
above the DLS (Fig. 1g). After recovery, we performed longitudinal
two-photon calciumimaging while monitoring behaviour (Fig.1h and
Supplementary Video 2). Activity inindividual M1 boutons strongly cor-
related with lever movements (Fig. 1i). The activity of individual boutons
spanned over the entire duration of the RM (Fig. 1j, left), consistent with
known M1 somatic patterns™. During UMs, bouton ensemble activity
differed in temporal structure (Fig.1j, middle), but reordering boutons
by their UM peak timing revealed preserved sequential activity (Fig.1j,
right). Consistent with previous reports”, the pairwise correlation on
trial-to-trial activity significantly increased in the late stages of motor
learning compared with that of the early stages (Fig. 1k, early stage:
day1to day 3; late stage: >day 8). We further evaluated the relation-
ship between movement and axonal bouton activity during early and
late stages of learning. By sorting trials according to the similarity of
movements for each pair of trials, we found the overall activity pattern
pairwise correlation was significantly higher in the late stage compared
with the early stage, even when mice generated dissimilar movement
trajectories (Fig.11), suggesting that the overall boutonactivity pattern
became more consistent at late sessions.
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Fig.1|Longitudinal two-photon Ca* imaging of corticostriatal axonal
boutons during motor learning. a, Schematic of lever-pushing task in which
micereceived water rewards following a cue. Example shows two rewarded
(RM) and one unrewarded (UM) movement during the ITI.b-d, Behavioural
improvements over training (n =17 mice): increased successrate (b), decreased
reactiontime (c) and reduced movements during the ITI(d). Grey linesrepresent
individual mice and the black line shows the group average. e, Representative
RMtrajectories on dayland day11fromone mouse. Grey lines represent
single trials, black line shows the average and thered dotted line dashed line
indicates movement onset. f, Movement trajectories became more consistent
acrosstrials during training (r= 0.44, P=1.05 x107°, Pearson’s correlation).

CC, cross-correlation. g, Schematic of viralinjectionin Mland imaging in DLS.
2P microscope, two-photon microscope. h, Example GCaMPé6s-labelled

Cortical axons arborize extensively in the striatum and form en
passant synapses®*?. We identified boutons from the same axon and
examined their Ca* activity (Fig. 1m,n). Because of the high fidelity
of action potential propagation along the axons?*°, multiple release
sites at these en passant synapses are thought to deliver cortical out-
puts faithfully to multiple postsynaptic striatal neurons. Unexpect-
edly, we found bouton-level heterogeneity—some boutons showed
unique transients not shared by others on the same axon (Fig. Im,n
and Supplementary Video 3). These results suggest that the activity
of M1 corticostriatal axonal boutons is movement-related and can be
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corticostriatalaxonson dayland11.Scalebars,20 pum.i, Task-related activity
traces fromboutons onday 3. Red lines indicate movement, black bars show
lever pushes, blue represents cue and red represents reward.j, Top, individual
(grey) and average (black) RM and UM trajectories. Bottom, averaged activity

of 426 boutons aligned to RM or UM onset; boutons sorted by peak activity time.
k, Increased trial-to-trialbouton activity correlationduring RMinlate versus early
learning (**P=0.007, Wilcoxonrank sum test, n=13 mice).l, Trial-to-trial activity
correlation plotted against movement similarity shows stronger coupling over
learning (repeated measures two-way ANOVA, Bonferroni post hoc correction,
P<0.001atmultiple bins). m,n, Top, averaged boutonimages from example
axons1(m)and 2 (n). Bottom: AF/F,traces fromthree boutonswith bouton-
specific Ca?" events, including detected events (filled dots) and the corresponding
absences (opendots). Errorbarsindicates.e.m.

modulated by reward. Furthermore, the boutons formed on the same
axons exhibit heterogeneous activity patterns.

Reward modulation of movement bouton activities

To assess how reward modulates bouton activity, we aligned GCaMPé6s
signals to RM or UM trial onsets. Some boutons showed activity only
during RM trials (Fig. 2a, left); some showed activity only during UM
trials (Fig. 2a, right), and others showed activity during both (Fig. 2a,
middle). We classified the boutons into three categories: RM-only,
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Fig.2|Reward- and movement-related activity of M1 corticostriatal
boutons. a, Example peri-movement activity of three boutons duringRM
(top) and UM (bottom) trials. Left, RM-selective bouton. Middle, RM-UM both.
Right, UM-selective bouton. Resp, responsive. b, PCAembedding of allboutons
(n=3,744RM, n=4,211UM, 8 mice). RM-only (red) and UM-only (blue) boutons
aredistinct. c, Top, lever movement trajectory. Second row, activity of 57
boutons (15UM and 42 RM) from one mouse. Each row represents one bouton.
Third row, PC1(orange) and PC2 (blue) of bouton population activity. Bottom,
behavioural annotations: cue, movement (move) and reward.d, 3D PCA
trajectories of neural activity for RM and UM trials from one representative
session. e, Trajectory selectivity index for RM versus UM trials at early and late
learning stages (P < 0.05, Wilcoxonrank sumtest, n=8 mice). Shaded areas

UM-only and ‘RM-UM both’boutons. For some analyses, RM-only and
RM-UMboth boutons were grouped as RM-responsive. To validate this
classification, we performed a principal components analysis (PCA) on
bouton activity during RM and UM trials. Boutons were embedded into
3D PC space using the first three components. RM-only and UM-only
boutons formed distinct clusters (Fig. 2b), indicating that activity pat-
terns differ between reward conditions.

We next examined the population bouton activity of RM-only and
UM-only boutons in consecutive trials, plotted the amplitude of
principal component over time, and aligned with movement behav-
iour (Fig. 2c). Further analysis of principal component trajectories
revealed that principal components1and 2 (PCl and PC2) captured
RM- and UM-related responses, respectively. Activity trajectories in
principal component space were also distinct between RM and UM
trials (Fig. 2d). Notably, the selectivity index separating RM and UM
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represents.e.m.f, Change in boutonreward selectivity during motor learning.
RM:P=0.003,UM: P=0.0011, both: P=0.96, un-resp: P= 0.19; Wilcoxon rank
sumtest, n=8mice.Un-resp, unresponsive. g,h, Example of abouton gaining
RMselectivity (g) and the fate of early UM boutons over learning (h).

i,j, Example trials with dissimilar (i) and similar (j) movement trajectories

and corresponding bouton ensemble activity. k, Ensemble activity difference
negatively correlates with movement similarity in late stage (r=-0.46,
P=1.89 x107%), butnot early (r=-0.04, P=0.73; Pearson’s correlation,
n=13mice)learning.l, Ensemble differences between trials with most
similar or least similar movement trajectories (early: P=0.88, late: P=0.0035,
two-sided Wilcoxon rank sumtest, n =13 mice).*P<0.05,**P< 0.01,***P< 0.001;
NS, notsignificant. Error bars represents.e.m.

trajectories significantly increased during late learning, indicating
enhanced bouton selectivity for reward outcomes (Fig. 2e).
Todissociate whether bouton activity encoded movement or reward,
we introduced reward delay and omission trials during imaging. In
reward delay trials, asubset of RM boutons (27.4% + 5.9%) shifted their
peakactivity to coincide with delayed reward (Extended Data Fig.1a,b);
Theseboutons were inactive during reward omission trials (Extended
DataFig. 1c), suggesting that this subset of RM boutons was modulated
by reward rather than movement. In cue-only and punishment-only
trials, small fractions of RM boutons were modulated by either cue
(7.8% + 5.7%; Extended Data Fig. 2a,b) or punishment (7.3% + 6.7%;
Extended Data Fig. 2¢). Furthermore, we plotted the activity profiles
for RM-only, UM-only and RM-UM both boutons in RM and UM tri-
als, these three types of boutons all exhibited firing patterns with
activity during and after lever pushing (Extended Data Fig. 3a-c).
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When comparing peak activity timing, RM-only and RM-UMboth bou-
tons were active earlier than UM-only boutons (Extended Data Fig. 3d).
Together, these results highlight that most RM boutons encode move-
ment, but asubset is modulated by the reward, cue or punishment.

The emergence of more consistent activity patterns of corticostriatal
boutonsin late sessions may result from reward-based reinforcement
of certain activity-reward outcome pairs out of initial exploration dur-
ing learning. In this case, the activity of RM-only or UM-only boutons
during the early stage may have a similar representation at the late
stage. Alternatively, thelearned activity pattern may require dynamic
rearrangement of bouton ensembles, which may result in changesin
the representation of RM or UM.

We next explored how bouton representations of reward outcomes
change with learning. Across early and late sessions, the proportion
of RM-only boutons increased, the proportion of UM-only boutons
decreased, and that of RM-UM both boutons remained stable (Fig. 2f).
To further reveal the dynamic change of boutonrepresentation of RM
and UM, we meticulously tracked the activity of the same boutons
during the early and late stages (Fig. 2g) and analysed the fate of clas-
sified boutons at early stage, and the origin of the classified boutons
at the late stage (Fig. 2h and Extended Data Fig. 4). Only around 35%
ofthe boutons maintained their stable representation; most changed
their reward selectivity (Extended Data Fig. 4j). For instance, nearly
half of the early UM-only boutons became unresponsive, and 20% of
them switched to RM-only at late sessions (Fig. 2h). By contrast, once
task performance stabilized, RM and UM bouton representations also
stabilized (Extended Data Fig. 5a). Notably, in two mice that achieved
good performance early, most boutons showed shifts toward more RM
boutons with continued training (Extended Data Fig. 5b-e).

Previous studies revealed that the M1 cortical neuron activity pat-
ternwasreproducible withlearned movement only in the expert mice,
whereas similar movements made in early sessions were accompanied
by different activity patterns®". Because the biggest change inbouton
representation after learning was the increase of RM-responsive bou-
tons, we tested whether the activity of the RM-responsive boutons was
better correlated with movement execution. We analysed the move-
ment trajectories and the activated RM ensembles for each trial pair
(Fig. 2i,j). We found a significant relationship between the similarity of
movement trajectories and the fraction of activated boutons for each
trial pair (Fig. 2k,i; early stage: 1,470 trials, late stage: 2,109 trials, n =13
mice). Notably, such arelationship is only true for late sessions but not
early sessions (Fig. 2k,I).

Together, theresultsindicate that motor learning stabilizes the gen-
eralrelationship between activity and movementin pairs of trials, which
is accompanied by changes in the identity of bouton representation
of reward outcome.

Bouton-specific activity and movement behaviour

We next examined whether the bouton-specific activities are related to
behaviour outcomes and whether motor learning can further modulate
activity patterns of boutons onthe same axons. Therefore, we focused
the analyses on the populations of boutons on the same axons and
aligned their activity with behaviour (Fig. 3a), and consistently, most
Ca®' transients were related to movements (RM or UM). By aligning
bouton activities between an example pair of boutons, it is clear that
although most of the Ca* transients were present in both boutons,
there were ample local activities that only occurred inone bouton but
not another (Fig. 3a).

To prevent biasinbouton activities influenced by the highest or the
lowest amount of Ca®* transients seen in individual boutons, we first
applied detection criteria to define the Ca®* peaks for each bouton.
We then compared the timing of the Ca® peaks between every pair
of boutons, categorizing them as either same peaks (Ca?" transients
detected in both boutons) or unique peaks (Ca* transients detected
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only in one of the boutons). Analysing each entire imaging segment
(approximately 4 min) during both the early and late training periods,
we observed thatabout 65% of Ca®* transients were uniformly detected
inpairs of boutons (same peaks) during the early training period. Inter-
estingly, the percentage of the same peaks increased to around 80%
in late training sessions (Fig. 3b). These data indicated that different
boutons on the same axons exhibited surprisingly high heterogeneous
activity patternsinvivo—nearly 35%in the early phase of the training—
and this heterogeneity could be reduced by motor learning. Because
axonal bouton activity was selective to reward outcomes (Fig. 2), we
focused on Ca* transients that occurred during the RM trials. When
we compared the percentage of the same peaks versus unique peaks
associated with RM trials in the early and late phases of training, we
observed asignificantincrease inthe fraction of the same peaksand a
significant decrease in the fraction of unique peaks (Fig. 3c). A similar
result was seen for UM trials (Extended Data Fig. 6a,b). In addition, we
found that RM and UM peak amplitudes were not statistically different
atboth the early and late stages (Extended Data Fig. 6¢,d).

One of the most notable findings is the existence of individual bou-
tonactivities in the absence of Ca®* activity in the axon itself (Supple-
mentary Video 3). To further investigate this, we calculated the mean
correlationbetween shaft calciumactivity and individual bouton activ-
ity and found that, overall, these were well correlated (Extended Data
Fig.7a,b). Yet, with learning, this correlation was further increased,
which is consistent with our finding that bouton responses become
more uniform with learning (Fig. 3b). We also further examined
the relationship between shaft and bouton activity by calculating the
fraction of unique peaks compared with the axonal shaft activity. We
consistently found that around 35% of peaks were independent of
axonal shaft activity, and learning decreased the fraction of unique
peaks (Extended Data Fig. 7c). In addition, we calculated the correla-
tion between bouton and shaft activity for small and large amplitude
bouton events, and found that correlation was significantly higher
for the large events (Extended Data Fig. 7d), suggesting that isolated
bouton events are smaller than bouton events with coinciding shaft
activity, both at early and late training stages.

To rule out GCaMPé6s sensitivity limitations, we replicated the key
findings using the latest GCaMP8f, which offers higher sensitivity and
faster kinetics (Extended Data Fig. 8). We found that an average axon
heterogeneity of around 8% in well-trained (late) mice, similar to our
previous finding using GCaMPé6s (Fig. 3g). We also quantified the frac-
tion of unique peaks across different thresholds for event detection,
and consistently found that around 35% of unique peaks, and motor
learning decreased the fraction (Extended Data Fig. 9).

The presence of unique peaks among bouton pairs also raised the
question of whether boutons onthe same axons could be exclusively RM-
or UM-responsive. Toaddress this, we identified the Ca** transients with
RMor UM and mapped their locations along the same axons (Fig.3d). Of
note, within the same axon, boutons predominantly displayed uniform
RMor UMselectivity. However, even an RM-dominating axon contained
some UM-selective boutons (Fig. 3e,f),and vice versa, aUM-dominating
axon also contains RM-selective boutons. In addition, as we showed
earlier (Fig. 2h), at the population level, individual axonal bouton RM
or UMselectivity could change throughout motor learning. Thisis also
true for boutons on the same axons; the axon heterogeneity (defined by
the percentage of RM or UM boutons throughout the axonal segment)
decreased after motor learning (Fig. 3g and Supplementary Video 4).
Theseresults were robustacross various detection thresholds (Extended
DataFig.10). Further, we analysed the axon heterogeneity for RM axons
and UM axons (axons that as awhole have either RM or UM specificity)
at early and late stages and found that learning reduced the heteroge-
neity predominantly within the RM axons (Extended Data Fig. 11). To
determine whether axons originate from distinct neurons or if multiple
axons stem from the same neuron, we plotted the distribution of pair-
wise correlationsin axonactivity (Extended DataFig.12a). This analysis
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revealed two clusters: highly correlated axon pairs (correlation >0.7) and
less correlated axon pairs (correlation <0.7). Approximately 4% of total
axonal pairs exhibited high correlation, suggesting that they were likely
fromthe same neurons. Conversely, axon pairs with low correlation were
presumed to originate from different neurons. To examine how axon
origininfluences axon heterogeneity, we plotted axonal heterogeneity
againstaxon activity correlation (Extended DataFig.12b,c). Axon hetero-
geneity did not correlate with activity similarity (r=-0.06), suggesting
bouton heterogeneity isindependent of cell of origin.

Besides cortical inputs, the DLS also receives glutamatergic pro-
jections from the parafascicular nucleus (PF) in the thalamus?.. To
investigate whether the heterogeneous activities are unique to M1
corticostriatal axons or universal to all glutamatergic projectionsin
DLS, we performed similar longitudinal imaging experiments. In this
set of experiments, weinjected AAV-GCaMPé6s in the PF of the thalamus
(Fig.3h) and imaged PF thalamostriatal axons and boutonsin the DLS
through the chronic window while simultaneously monitoring the
mouse’s behaviour (Fig. 3i and Supplementary Video 5). In contrast
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and UM (bottom) trials on day 14. Both RM-and UM-selective boutons were
found on the same axon. Grey represents Ca* transients in individual trials
(AF/F,) and black shows average of all trials in one day (day 14). g, Axon
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image of GCaMPé6s-labelled thalamostriatal axonsin DLS on day 16.Scale bar,
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image of thalamostriatal axons (top) and identified boutons responsive toRM
or UMtrials (bottom).*P<0.05,**P< 0.01, ***P<0.001.Error barsrepresent s.e.m.

to M1 axons, the activities of thalamostriatal axons and boutons did
nottile the entire duration of the movement; instead, the activities of
thalamostriatal boutons were noticeably more homogenous. Thala-
mostriatal axons were active almost exclusively during RM trials and
showed little activity in UM trials (Fig. 3j). Inaddition, thalamostriatal
axonal boutons did not display heterogeneity in activities along the
same axon (Fig. 3g,k).

Together, these findings reveal that boutons on the same M1 axon
can exhibit distinct, locally regulated activity patterns that are refined
bylearning. Furthermore, this heterogeneity is specific to M1 corticos-
triatal axons. Thalamostriatal axons projecting to the same region in
the DLS show a more uniform functional profile compared with cor-
ticostriatal axons.

Structural plasticity of axonal boutons

The changes in activity patterns and reward representations of M1
corticostriatal axonal boutons indicate a dynamic regulation of

Nature | Vol 646 | 2 October 2025 | 147



Article

a b c d - . e T
M1-DLS axons M1-DLS axons -
- 22 L _ 18
Control group [ Training grovp | _ 1o - g g
g S <
o [ o o~ o - 5 k<)
> od > = L = =
g 8 _ 8 gl g
o) £ E
° (<} =
c | = N @
< . - o <« ) 100 5 5
> -~ e > 3 S 14+ 5 14
8 - ¢ il 8 @ L ® @
5um 5pum =
A Formation ﬁ Elimination A Formation ﬁ Elimination 90 Lt L L L L L 10 L L L L L 12
0 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Day Day Day
f g h i 6. i
PF-DLS axons PF-DLS axons
r 14 -
Control grou . —
growe < X 14t £
g < L
= s L S
3 5 12 - E
5 R : T
E £ §
s} =1 5 10 -
o K 10 é
A Formation 4 Elimination 4 Formation 4 Elimination g La | | | | | | 8 L | | | | | |
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Day Day
k I 0.6 Density (normalized) 4 g n o
r=0.73, P <0.001
100 20 . .
;@ ° . . . Early RM — Late RM
3 g <
2 * *x c 15 - Z
2 45 ° [a}
>
§ z
3 3
8 35 c 1.0 o
2 i<} Z
2 3 . 8
o
25 : : : 05 ‘ ‘ ! 05 ‘ : ‘ ) _2pm
4 6 8 10 0 2 4 6 8 10 0.5 1.0 15 2.0 0.5 1.0 15 2.0 A Formation 4 Elimination
Day Day Bouton density on day 4 Bouton density on day 8
P sox q NS r ok s o t
- 30 150 o 150 Rule of axon density changes during learning
o
| @ @@= Bascline
g g e ° g
s § 20} < 100 |- Lo % < 100 Early stage (RM or Ul\il/ \lia"l‘/ stage (RM or UM)
= T = § £
© c [z 0
E £ L |9 5 . 5
5 £ © o) s PP ——— el i
c c S <]
] S 10 o 5 50 - 5 50 l l
5 5 o o
o <3 o o
o [}
=C=C=C=C=C=C= < <
0 0 0
Late stage RM Late stage UM
K S s@ [ Early RM — Late RM I Early UM — Late RM
X @ N N
N N <& & 1 Early RM — Late UM [ Early UM - Late UM

Fig.4|Structural plasticity of corticostriatal and thalamostriatal axonal
boutons. a,b, Repeated imaging shows bouton formation (arrowhead) and
elimination (arrow) in control (a) and trained (b) mice. ¢, Corticostriatal
boutondensity increased significantly in trained mice versus controls at
multiple timepoints (P < 0.05; n =143-146 axons from 8-9 mice). Wilcoxon
rank sumtest, control: n =146 axons, 9 mice; trained: n =143 axons, 8 mice.
d,e, Trained mice exhibited increased bouton formationon day 4 and
elimination onday 6. Formation, day 4: P=0.01; elimination, day 6: P=0.027,
Wilcoxon rank sum test; control: n=9 mice; trained: n = 8 mice. f,g, Similar
imaging of thalamostriatal axonsin control (f) and trained (g) mice showed
bouton turnover. h, Thalamostriatal bouton density remained unchanged
across 7 days (P> 0.05, Wilcoxon rank sum test, control: n =46 axons, 3 mice;
trained: n =59 axons, 4 mice. i,j, No significant differencesin bouton formation
(i) or elimination (j) in thalamostriatal axons between groups. P> 0.05 for days
1-7, Wilcoxon rank sumtest; control: n = 3; trained: n = 4 mice. k, Newboutons

corticostriatal synaptic transmission. In postsynaptic striatal SPNs,
dendritic spines—where the glutamatergic corticostriatal synapses
are formed****—undergo significant activity-dependent structural
changes, for example, in mouse models of movement disorders' .
Here, we explore whether motor learning could result in dynamic
remodelling of presynaptic axonal bouton structures. Using in vivo
two-photonimaging, we tracked individual corticostriatal and thalam-
ostriatal axons labelled with eGFP across 11 days. In the training group,
the mice were trained onthe cued lever-pushing task startingonday 1,
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formed onday 4 andsurvived. Day 8: P=0.027,day 10: P= 0.0037, two-sided
Wilcoxon rank sum test; control: n =9 mice; trained: n =8 mice).l-n, Bouton
density atearlier stages correlated with later density (I) (day 10 versus day 4
(m):r=0.51,P=7.46 x10™"; versusday 8 (n):r=0.73,P=9.23 x10; Pearson’s
correlation, n =143 axons). 0, GCaMPé6s images of averaged GCaMP6s signal
fromday1land 9 reveal boutonformationand elimination. p,q, RMboutons
formed atahigher rate than UM boutons at the late stage (P=0.0019), with

no differenceineliminationrates.r,s, Bouton densityincreasedin early
RM-responsive axons (r; P=5.8 x10™*) and decreased in early UM-responsive
axons (s; P=0.0047, Wilcoxon rank sumtest, n = 8 mice). t, Model for bouton
turnover onaxons with motor learning. Bouton density increases inaxons that
become RM-responsive duringlearning and decreasesin those thatbecome
UM-responsive.*P<0.05,**P<0.01,***P<0.001; NS, not significant. Error bars
represents.e.m.

and the control group underwent identical procedures, including
water restriction, habituation and water consumption from the lick-
ing port, but without training to push the lever. By comparing images
taken from two timepoints, we identified axonal boutons as newly
formed, eliminated or stable (Fig. 4a,b). We calculated total bouton
numbers for each axon to assess whether bouton density changes fol-
lowing motor learning. We found that the corticostriatal axonal bouton
density was significantly increased from day 4 and persisted through-
out the training period (control: n =146 axons, n = 9 mice; training:



n =143 axons, n = 8 mice; Fig. 4c). To further understand the process
of motorlearning-induced structural plasticity, we quantified therate
of newly formed and eliminated M1 axonal boutons. Motor learning
induced a transient increase in the formation of boutons on day 4
(Fig. 4d), accompanied by enhanced bouton elimination on day 6
(Fig. 4e). Using the same approach, we also analysed thalamostriatal
axonal boutons (Fig. 4f,g). By contrast, thalamostriatal bouton density
did not show statistically different changes throughout the training
days (control: n = 46 axons, n = 3 mice; training: n = 59 axons, n = 4 mice;
Fig.4h).Inaddition, even though thalamostriatal axonal boutons still
showed ongoing turnonver, motor learning did not induce similar
transientincreasein either formation or elimination as corticostriatal
boutons (Fig. 4i,j).

Previous studies showed that newly formed dendritic spines in
Ml layer five pyramidal neurons are preferentially stabilized during
training"**. To test whether motor learning stabilizes newly formed
boutons, we analysed their fate. In trained mice, newly formed axonal
boutons were more likely to persist; in controls, most were eliminated
(Fig. 4k). Previous work showed that motor learning led to a selec-
tive strengthening of M1 motor engram neuron outputs formed onto
clustered spines of postsynaptic striatal SPN dendrites®. Therefore,
we examined the position of newly formed and eliminated boutons
along each axon (Extended Data Fig. 13a) and plotted the cumulative
distribution of nearest neighbour distance (NND) for newly formed
boutonsinthe control and training groups. We found that the bouton
pairs were significantly closer in spacein trained mice compared with
the control mice (Extended Data Fig. 13b). The average NND of newly
formed boutons was significantly shorter in trained mice compared
with control mice (Extended Data Fig.13c). However, the average NND
of eliminated boutons was not different between groups, suggesting
that eliminated boutons were not clustered along the axons (Extended
DataFig.13d). By comparing the cumulative NND distribution of newly
formed boutons with that of shuffled boutons, we observed aleftward
shiftin the cumulative NND distribution for the training group. Fur-
thermore, a portion of the cumulative distribution curve exceeded
the upper 95% confidence interval of the shuffled bouton distribution,
indicating significant clustering within this range of NNDs (approxi-
mately 5-30 pm). Together, these analyses suggest the reduced NND
following trainingis not simply caused by a higher bouton density, but
that there is indeed increased clustering of corticostriatal boutons
after motor learning.

The newly formed boutons form clusters along the axons, but
the eliminated boutons did not have a similar spatial arrangement,
indicating that bouton structural remodelling may be axon-specific.
Therefore, we plotted bouton density changes throughout the learning
process and sorted the axons on the basis of their maximum density
change (Fig. 41). Even though the average bouton density calculated
based onall axonsincreased during motor learning (Fig. 4c), the change
in axon density diverged into two groups: axons exhibiting increased
density at the early stage tended to persistently increase their density
throughout the late stage, whereas axons decreased their density at
early stage of training tended to remain lower density at the late stage
(Fig. 41). When we plotted the density of each axon on day 10 against
those of day 4 and day 8, it revealed a significant positive linear cor-
relation (Fig. 4m,n and Extended Data Fig. 14).

Together, these data suggest that the early stages of axonal bou-
ton development influence final bouton density. It is possible that
axons engaged in the early stages are more likely to continue to trans-
mit corticostriatal synaptic information, and learning can further
strengthen connectivity and increase synaptic transmission efficacy.
Our results demonstrated that learning could change the axonal
bouton selectivity to movement based on reward outcome; in par-
ticular, learning increased the proportion of RM-related boutons but
reduced the UM-related ones (Fig. 2f). This raised intriguing ques-
tions: such aswhether the newly formed or eliminated axonal boutons

are activity-dependent; and if so, whether they are dependent on the
reward outcome. To address this, we used the calciumimaging dataset,
in which high-resolution averaged GCaMPé6s images obtained from
thesame axonsinboth early-and late-stage imaging sessions could be
used to clearly identify newly formed and eliminated boutons (Fig.40)
and examined their activity pattern in relation to RM or UM. Of note,
when we calculated the bouton formation rate in RM-related versus
UM-related axons identified at late stage, we observed a significantly
higher bouton formation rate in RM axons compared with UM axons
(256 RM axons, 46 UM axons, n = 8 mice; Fig. 4p). However, thebouton
elimination rates were similar (215 RM axons and 95 UM axons identi-
fied at early stage of learning, n = 8 mice, Fig. 4q). Next, we analysed
the bouton density changes for those functionally identified axons. We
found thatif axons were identified as RM-related at the early stage and
maintained their identity, the bouton density was higher compared with
those that wereidentified as RM-related at the early stage and became
UM-related at the late stage (Fig. 4r). Conversely, axons identified as
UM-related at the early stage would have a higher bouton density if they
became RM-related compared with those that remained UM-selective
(Fig.4s). Together, these data suggest that the formation, elimination
and maintenance of the newly formed boutons and the overall bouton
density of the axons are associated with the activity of axonal boutons
and dependent on behavioural outcomes (Fig. 4t).

Discussion

This study reveals how motor learning reshapes corticostriatal circuits
at the level of individual axonal boutons. By combining two-photon
imaging with a cued lever-pushing task, we show that corticostriatal
boutonactivity ismovement-related, modulated by reward and struc-
turally remodelled during learning. Previous studies using somatic Ca**
imaging or in vivo recordings in the primary motor cortex revealed
the formation of movement-specific cortical ensembles, whose firing
covers the motion sequence and the increases in activity correlation
after motor skill learning™. Our results extend previous findings
on Ml somatic dynamics by demonstrating that bouton populations
also develop stable, reproducible patterns that are aligned to move-
ment sequences (Fig. 1i-1). In addition, bouton activity distinguishes
rewarded trials from unrewarded trials, and this selectivity sharpens
with learning (Fig. 2a-c). By closely examining the activities of different
boutons formed on the same axon, we found surprisingly heterogene-
ousactivity patterns on differentboutons eventhoughtheyareonly a
few micrometres away onthe same axon (Fig.1m,n). Furthermore, these
unique local heterogeneous responses are shaped by motor learning
in several ways. First, motor learning can enhance the consistency of
the activity responses across boutons on the same axon (Fig. 3a-c).
Second, the bouton RM or UM selectivity becomes more uniform at
late phases (Fig. 3g and Extended Data Fig. 6). Finally, axon boutons
undergo activity-dependent structural plasticity (Fig.4). Importantly,
all these plasticity events occur specifically on corticostriatal axons,
but notonthe thalamostriatal boutons projecting to the same region.
The lack of heterogeneity and structural plasticity at thalamostriatal
axonal boutons may be explained by their different functional activity
profile. Unlike M1 corticostriatal axons, the activities of thalamostriatal
axons and boutons were homogenous, being active almost exclusively
during RM trials (Fig. 3j). PF thalamostriatal axons may be encoding
salient environmental cues rather than movements>®. Similarly to M1
cortical ensembiles, a previous study showed that dopamine D1and D2
SPNs exhibited sequential firing spanning over the entire movements,
with D1 SPNs activated predominantly during the lever movement
period and D2 neurons activated predominantly after the lever-pushing
movement'. Overall, the corticostriatal bouton activity is similar to
the combined activity patterns of D1and D2 SPNs, consisting of move-
ment and post-movement-related activities. This aligns with the fact
that both D1and D2 SPNs receive inputs from M1 neurons, and their
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activities are driven by glutamatergic inputs®. However, our results
suggest that there may be a preferential connection between boutons
with activity earlier during the movement to D1 SPNs and boutons
with activity after movement to D2 SPNs, which could be addressedin
future studies—for example, by simultaneous imaging and/or record-
ing of presynaptic M1 axons and postsynaptic SPNs. Corticostriatal
axon and bouton activities are refined throughout motor learning
at both the population and single axon or bouton levels. Overall, our
longitudinal results provided a link between subcellular synaptic and
system-level dynamics to reveal how corticostriatal ensembles are
formed and maintained throughout learning.

Anunexpected finding is the markedly heterogeneous activity pat-
terns among nearby boutons formed on the same axon. Decades of
neuroscienceresearch haveyielded a classic model of how axons convey
neuronal output to downstream postsynaptic targets* %, Because of the
high expressionlevels of voltage-gated Na* and K* channels®*°, forward
propagation of action potentialsis generally considered highly reliable
and functions as a digital signal (all or none), which ensures faithful
outputs®3°4 In certain specialized synapses in sensory receptor cells,
analogue graded potential is used to increase the fidelity and capac-
ity of synaptic information, including the rod bipolar-All amacrine
cell ribbon synapse in the retina* and the hair cell ribbon synapse in
the inner ear*” **. A combination of analogue and digital coding of
axonal transmission also exists—for example, at hippocampal mossy
fibres, transient subthreshold depolarizations can modulate action
potential-evoked transmitter release® by altering the waveform of the
action potential (for example, amplitude and duration)*. However,
the heterogeneous responsive pattern revealed here represents an
additional novel mechanism for information transmission at corti-
costriatal output. The en passant axonal boutons can function as a
demultiplexing processer, where postsynaptic targets can receive
distinct patterns of axonal output even though these targets areinner-
vated by the same axon.

Furthermore, we demonstrate that distinct patterns of axonal bouton
activity are behaviourally relevant, and motor learning cansignificantly
increase the uniformity of bouton activity along the same corticostriatal
axon (Fig. 3). One hallmark of motor learning is the formation of ste-
reotypic movement patterns®"¢*, Inaddition, motor learning reduces
motion variation andjitter®'**, On the population level, the increased
activity correlation across motor cortical neurons', striatal neurons'®,
and here, corticostriatal axons and boutons, and the formation of stable
ensembles make the corticostriatal circuits more efficientin encoding
and driving movement. On the single-axon level, the mechanism that
we uncover here can also contribute to increased efficiency, where
axonal boutons become more uniform in activity patterns and RM or
UM selectivity through activity-dependent axonal plasticity. Mechanis-
tically, what contributes to the generation of different bouton activity
patterns remains unknown. This parallel but distinct output might be
due to differential inputs via axon-axonic synapses. Recent studies
have shown thatlocal axonal excitatory postsynaptic potentials could
be evoked at dopaminergic axonal terminals inthe striatum by activa-
tion of nicotinicacetylcholine receptors**8, and conversely, activation
of type A GABA (y-aminobutyric acid) receptors (GABA, receptors)
could also locally dampen axonal spikes and action potential-evoked
dopamine release®. In addition to nicotinic acetylcholine receptors
and GABA, receptors, corticostriatal axons also express receptors of
various neuromodulators, such as dopamine D1and D2 receptors®. Itis
possible that these ionotropic and metabotropicreceptors contribute
to the local modulation of axonal bouton activity patterns.
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Methods

Animals

Allexperiments were performed inaccordance with protocols approved
by the Stanford University Animal Care and Use Committee, inaccord-
ance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals. All mice were maintained witha12h:12h
light:dark cycle at aroom temperature of 22 °C with humidity control
(30-70%). Both male and female wild-type mice (C57BL/6J, aged 7
weeks to 6 months) (Jackson Laboratory) were used.

Surgical procedures

We performed surgeries on mice under isoflurane anaesthesia (1.5%
in 0.51min™ 0,). We used a combination of Cre and FLEX-GCaMP#é6s,
FLEX-GCaMPS8f or FLEX-eGFP viruses to achieve sparse labelling. To
drive the expression of GCaMP6s or GCaMP8f in the motor cortex,
we stereotaxically injected a mixture of AAV1-CAG-FLEX-GCaMPé6s
(100842-AAV1, 1:1) or AAV9-syn-FLEX-jGCaMPS8f (162379-AAV9) and
AAVS5-hSyn-Cre (105553-AAV5,1:200 diluted in saline) into the cau-
dal forelimb area of the motor cortex (from bregma, anteroposterior
(AP):0.3 mm, mediolateral (ML):1.5 mm; and from dura, dorsoventral
(DV): -0.7 mm). Similarly, for structural imaging, we injected a mix-
ture of AAV5-CAG-FLEX-eGFP (51502-AAVS5, 1:1) and AAV5-hSyn-Cre
(105553-AAV5,1:1,000 diluted in saline). For expression of GCaMP6s
in the thalamus, we injected a mixture of AAVI-CAG-FLEX- CaMPé6s
(100842-AAV], 1:1) and AAV5-hSyn-Cre (105553-AAVS5, 1:200 diluted
insaline) into the PF (from bregma, AP: 2.3 mm, ML: 0.63 mm; and
from dura, DV: -3.25 mm). A total volume of 100-300 nl was injected
over 10 min, using a micro pump (WPI). To prevent viral backflow, the
pipette was left in situ in the brain for 15 min post-injection before
withdrawal. Upon completion of the procedure, the incision site was
sutured, and the mice were returned to their home cage once they
recovered from anaesthesia.

For the implantation of the chronic imaging window, 3-30 days
after virus injection, we anaesthetized the mice with isoflurane (1.5%
in 0.51min™ 0,). Following scalp removal, a titanium head plate was
affixed firmly to the skull using super glue and dental cement (Lang
Dental). A circular craniotomy withadiameter of approximately 2.4 mm
was performed above the dorsal lateral striatum, centred at the coordi-
nates (AP: 0.3 mm, ML: 4.0 mm). We aspirated the cortical tissue above
the striatum using a 27-gauge needle at a30° angle towards the surface
of the corpus callosum'®*, Subsequently, acannulawasinserted above
DLS. The cannula consisted of a stainless-steel tube (-2.4 mm diameter,
~1.6 mmlength) and a 2.4 mm round coverslip attached to one end of
the tube using adhesive (Norland optical adhesive)'**'. We then used
Kwik-Sil and dental cement to fix the cannula and cover the exposed
skull. Mice were returned to their home cage after they recovered from
anaesthesia.

Two-photonimaging

In vivo imaging experiments were conducted using a commercial
two-photon microscope (Bergamoll, Thorlabs), operated with Thorlm-
age software. We used a16x/0.8 NA objective (NIKON), covering afield
of view (FOV) size ranged from 120 x 120 t0 200 x 200 pm (1,024 x 1,024
pixels). A mode-locked tunable ultrafast laser provided 925 nm exci-
tation for two-photon imaging (Insight X3 Spectra-physics). For cal-
ciumimaging, weimaged awake mice when they were performing the
lever-pushing task.Imaging datawere synchronized and recorded with
aPCle-6321 card (National Instrument) to capture image frame-out
timing and behavioural events, encompassing cue, rewards, punish-
ments, licking behaviour, and lever displacement. Time-lapse movies
were acquired atanapproximate frame rate of ~15 Hz. One to three days
wereimaged for the early stage and one to six days wereimaged for the
late stage. Forimaging the same population of axons and boutons, same
FOVs were imaged between early and late stage. The first 3 days were

defined as the early stage, late stage was the days when mice learned
the task (=8 days). For example, one mouse was imaged on days 1-3
and days 9-11, then day 1-3 were defined as early stage, and days 9-11
were defined as the late stage. For corticostriatal axons using GCaMPés,
13 mice were used in functional calcium imaging, including 8 mice
imaged the same axons and boutons at the early and late stage, another
Smiceimaged different FOVs at the early and late stage of learning. For
thalamostriatal axons using GCaMPé6s, three mice were imaged at late
stage of learning. Another three mice were imaged using GCaMPS8f.

For structuralimaging, mice were anaesthetized with1-1.5% isoflu-
rane and a heating pad was used to keep normothermia. Image stacks
were acquired viareal-time averaging of 20 frames, with a z-step of
1um to ensure precise axial resolution. For corticostriatal axons, 2-4
regions of interest (ROIs) wereimaged per mouse, and these ROIs were
repeatedlyimaged every other day. Eight mice were used in structural
imaging for the training group, and nine mice were used for the con-
trol group. For thalamostriatal axons, ROls were imaged daily, three
mice were used for the control group and four mice were used for the
training group.

Cued lever-pushing task

The cued lever-pushing task was conducted as previously described™. In
brief, mice were subjected to water restriction at1 ml per day for three
days. The lever-pushing task training started three days after water
restriction and habituation. During habituation, mice were head-fixed
andreceived water from the water tube. After starting the training, mice
remained water restricted but received water during the training. Lever
displacement was continuously monitored using a potentiometer,
converting it into voltage signals, and recorded through a PCle-6321
card (National Instrument). A custom LabVIEW program governed
the training paradigm, precisely controlling cue presentation, reward
delivery, punishment, and the determination of lever-pushing thresh-
old crossing. Each trial wasinitiated with a 500 ms, 6-kHz pure tone as
the cue. Mice received awater reward (approximately 8 pl) when they
pushed the level surpassed the designated threshold (0.5 mm during
the initial training on day 1, later increased to 1.5 mm for subsequent
sessions) within the allocated task period. Failure to meet the threshold
or absence of lever pushing during the task period resulted in the pres-
entation of white noise. The ITIwas either fixed at4 s or randomly varied
between3and 6 s. Lever pushing during the ITlincurred an additional
timeout equivalent to the ITI duration for that specific trial. The task
period was 30 s during the first session and then reduced to 10 s for
subsequent sessions. The ITI was defined as the time from the end of
thelast trial (reward or punishment) to the start of the next trial (cue)
and does not include the allocated task period. In a subset of mice,
we randomly added reward delay trials and reward omission trials on
one imaging day while imaging the same population of boutons. In
reward delay trials, the reward was not delivered immediately after
the lever exceeded the threshold, but was delivered 1 s after the lever
exceeded the threshold. Inreward omission trials, the reward was not
delivered even when lever exceeded the threshold. Inafurther subset
of mice, we included cue-only or punishment-only trials after mouse
finished performing the lever-pushing task. A total of 37 mice were
trained, mice learned the task within 3 weeks, including 19 mice for
calciumimaging and, 12 mice for structural imaging, and 6 mice used
for behaviour training.

Movementbehaviour analysis

Toidentify movementbouts, we first determined a threshold to sepa-
rate the resting and movement period. Movement bouts separated
by less than 500 ms were considered continuous and were combined
together™®, The start time was identified as the point where the lever
position crossed a threshold that exceeded theresting period, while the
end time was determined by detecting the moment when the lever posi-
tion fell below the threshold™®. To ensure the integrity of the baseline



before each movement, we adopted a specific criterion. If there were
any other movements occurring withina3-s window before a particular
movement, the latter was excluded from further analysis. This exclusion
stepwasimplemented to guarantee the cleanliness and reliability of the
baseline period, thus enhancing the accuracy of subsequent analyses.
RMwas defined as lever pushes that exceeded the threshold during the
task period, while UM was those lever pushes that failed to exceed the
threshold during the task period, or lever pushes during ITI.

Activity pattern correlation and its relationship to movement
trajectory correlation

The activity pattern correlation was calculated based on single trial
pairsusing population bouton activity for each mouse. Therefore, the
activity of allresponsive boutonsin animaging FOV were concatenated
for eachtrialin the same order and the trial-to-trial correlation of this
populationactivity vector was calculated. Activity pattern correlation
and movement trajectory correlation were calculated for each trial pair
using MATLAB function corrcoef. For all trial pairsin one day, we used
bins-0.2t00,0t00.2,0.2t0 0.4,0.4t0 0.6,0.6 to 0.8 and 0.8 to 1 to
average all data points based on movement trajectory correlations.
Thenthe activity pattern correlation was plotted against the movement
trajectory correlation for each mouse.

Fraction of activated ensemble difference and its relationship to
movement trajectory correlation

Percentage of activated ensemble difference was calculated based on
each pair of trials, if a is the number of activated bouton ensemble in
trial 1, and b is the number of activated bouton ensemble in trial 2,
then the fraction of activated ensemble difference for this trial pair is
defined as O.S'Z%ﬂb), in which |a - b| was the difference in the number
of activated ensembles, and 0.5 x (a + b) was the average number of
activated ensembles for the trial pair. Then we calculated correlation
ofthe movement trajectory for each trial pair using MATLAB function
corrcoef. For all trial pairs in one day, we used bins —0.2t0 0,0t0 0.2,
0.2t00.4,0.4t0 0.6, 0.6 to 0.8 and 0.8 to 1to average all data points
based on movement trajectory correlations. Then the percentage of
activated ensemble difference was plotted against the movement
trajectory correlation for each mouse.

Image processing and analysis

For Ca* image analysis, lateral motion artifacts were corrected using
the Image] plugin Turboreg® or the efficient subpixel image registra-
tion algorithm®, ROIs for axons, axonal shafts and boutons in FOV were
manually drawn using Adobe Photoshop session-by-session. For the
same FOVimagedbothin early and late stages, only boutons with clear
bouton morphology that could be identified in all sessions by visual
inspection were selected and further analysed. On average 44.3+7.9
(ranging from 10-85) axon segments were analysed per mouse with
anaverage of 10.66 + 1.66 boutons (early) and 11.2 + 1.9 boutons (late)
per axon segment for M1-DLS projections and 26 +16.5 (ranging from
16-45) axon segments per mouse with an average of 6.47 + 0.88 boutons
(late) for PF-DLS projections.

To extract the calcium signals for each axon or bouton, we aver-
aged the fluorescence intensity of all labelled pixels to obtain the raw
fluorescence trace. To calculate F,,, we utilized a 30-s sliding window,
where the 30th percentile of raw fluorescence within the window was
designated as F,,. AF/F was computed as (F - F,)/F, for each individual
axon and bouton®. For data presentation, a z-score of this AF/F trace
was further calculated.

To confirm that the observed signal was not caused by motion arti-
facts, we plotted the fluorescence signal of inactive boutons and found
no detectable activity across many movement trials (Extended Data
Fig.15).

For structuralimaging, individual boutons were identified as swell-
ings along thinner axon shafts, and were manually identified, marked,

and tracked across multiple imaging sessions using the customwritten
script (MATLAB). Only high-quality images displaying sparsely labelled
axons, with distinct axon and bouton structures, were selected for
subsequent quantification. Analysis of bouton dynamics, including
formation and elimination, was performed by comparing boutons
between two adjacent imaging sessions. Boutons were classified as
‘persistent’ if they were present in both images, determined through
their positions relative to nearby boutons within the same axon. An
eliminated bouton was the one that appeared in the initial image but
not the second image. A newly formed bouton was the one that was
absentin the initial image and then appeared in the second image.
Thebouton survival rate was calculated as the percentage of boutons
formed during day 4 of training that remained present in subsequent
training sessions (days 6, 8 and 10).

Identification and classification of RM and UM axon and bouton

The activities of individual axons or boutons in both RM trials and
UM trials were aligned to the movement onset, spanning a time win-
dow from1sbefore movementinitiation (served as the baseline) to3 s
after the movement onset. Subsequently, we calculated the average
activity across all trials within this aligned time window. To identify
responsive boutons, we examined the peak value of each bouton within
the time window (-0.2 to 3 srelative to the movement onset). Boutons
were considered responsive if the difference between the peak fluores-
cence value and the 5th percentile of the averaged activity exceeded
90% of the s.d. For the identification of responsive axons, we plotted
histograms of all peak values in RM and UM trials for each mouse. Uti-
lizing a bin size of 0.1x s.d., the peak bin values were determined for
both RM and UM distributions, and the threshold was established as
the mean of the corresponding peak positions in RM and UM. If the
calculated threshold, based on the histogram distribution, exceeded 1x
s.d., thefinalthreshold was set at 1x s.d. Responsive axons were identi-
fiedifthe difference surpassed the threshold by comparing each axon’s
peakvalue tothe 5th percentile of the averaged activity. Subsequently,
axons or boutons were categorized based on their responsiveness in
RM and UM trials. Those identified as responsive exclusively in RM
trials were classified as RM-only axons or boutons, while those respon-
sive only in UM trials were categorized as UM-only axons or boutons.
Axons or boutons showing responsiveness in both RM and UM trials
were designated as RM-UM both axons and boutons. To simplify, we
combined the RM-only and RM-UM both categories, grouping them
as RM, RM-responsive or RM-related axons and boutons. To calculate
the delay reward related boutons, we first calculated the activity peak
time for each bouton during RM and delay reward trials. If the activity
peak time of aboutonwas postponed more than 0.93 s, we categorized
this bouton as delay reward modulated bouton. Those delay reward
modulated boutons were considered tobe modulated by reward, rather
than movement. To analyse the activity of those reward modulated
boutonsinreward omission trials, we averaged the calcium activity over
awindow of 1.67 s t0 2.33 srelative to movement onset for delay reward
trialsand 0.67 sto1.33 srelative to movement onset for omission trials.

Ca* event detection and identification of same or unique peaks
To detect Ca** events, we employed the Matlab findpeaks function with
the following criterion®: z-scored AF/F, exceeding 1x s.d. To compare
events between pairs of boutons, we considered any events occurring
within 670 ms of each other as ‘matched’ and defined them as the same
peak’®, while those peaks that cannot find matched peaks were defined
as unique peaks. If the same peaks or unique peaks occurred during a
time window 330 ms before and 670 ms after the onset of RM or UM,
those peaks were classified as RM or UM-related same or unique peaks,
respectively. To calculate the same or unique peak fraction, we divided
the number of same peaks with total peaks based on each bouton pair
or bouton-shaft pair, and averaged the results over all boutons within
one axon, then averaged over all axons in one mouse.
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Principal components analysis

We used PCA to project each trial into a lower-dimensional space to
discernthe low-dimensional embedding of individual boutons during
RM and UM trials. Initially, the activity of each bouton was averaged
across all RM or UM trials, and the averaged activities were then con-
catenated for each bouton. We recorded the results in a data matrix
where each column represented the concatenated trial-averaged RM
and UM activity of one bouton. The size of the matrix was 2M x N, with
Mdenoting the number of timepoints per RM or UM trial (ranging from
-1to 3 srelative to movement onset), and N representing the number
of boutons. Subsequently, PCA was conducted across the timepoints
of concatenated RM and UM trials, capturing the first three principal
componentstorepresent the RM and UM trialsin avisually informative
3D principal componentspace. Each bouton was depicted asadistinct
dot withinthis space, facilitating clear visualization and discrimination
of the bouton responses during both RM and UM trials. We used the
Matlab pca function to perform dimension reduction.

PCA trajectory and calculation of selectivity index

PCA was conducted using the Matlab pca function on each continu-
ous imaged segment (4,000 frames by n boutons, frame rate:
15 Hz), utilizing the first three principal components to represent
the ensemble activity of boutons. Then we aligned the first three
principal components from1sbeforeto3 saftereachRMand UMonset
to generate single RM or UM neural trajectories in the PCA space.
We used activity trajectory selectivity index to measure the selec-
tivity of bouton activity towards RM or UM, a method modified
fromapreviously published paper”. The activity trajectory selectivity
index for an RM trial was defined as (o meanumtrajectory ~ @romean RMtrajectory)/
(dto mean RM trajectory + dlo mean UM trajectory)r where dto mean UM trajectory is the Euclid-
ean distance between the single RM trial trajectory and the mean UM
(RM) trajectory, which was computed frame by frame. The mean RM
and UM trajectories were the averages of allRM and UM trajectories,
respectively. For example, if the first three principal components of
the first frame of aRMtrial are (a, b, ¢), while the first three principal
components of the first frame of the mean UM trial are (x, y, z), then
the dyo meanumtrajectory IS (@ = X)% + (b= )2 + (¢ - 2)2. Similarly, the activ-
ity trajectory selectivity index for a UM trial was defined based on

diStances as (dto mean RM trajectory dto mean UM trajectory)/(dto mean RM trajectory +
o meanummajectory)- The trajectory selectivity index essentially measures

how closely individual trajectories match the mean trajectories of
their respective trial type versus the opposite type. For example, for
an RM trial, an index score of 1 means the single trial trajectory was
at the same point in PCA space as the mean RM trajectory, and an
index score of -1 means the single trial trajectory was at the same
pointin state space as the mean UM trajectory.

Axon-axon and bouton-shaft correlation analysis

Axon-axon and bouton-shaft correlation were calculated using MAT-
LAB function corrcoef. Axon-axon correlations (in Extended Data
Fig.12) and bouton-shaft correlation (in Extended Data Fig. 7b) were
calculated using data from each continuous imaged segment (4,000
frames by n boutons, frame rate: 15 Hz), then averaged over sessions
oneachday. For the bouton-shaft correlations of small and large peaks
(in Extended Data Fig. 7d), we first identified peaks, then used data
from 20 frames (5 frames before the peak positionand 15 frames after
peak position) to calculate the peak correlation, then averaged over
all peaks in one session, then averaged over all sessions on each day.
Small and large peaks were defined as peaks with an s.d. of 1-2 and
8.5-9.5, respectively.

Nearest neighbour analysis
For eachbouton, we calculated its Euclidean distances to all other bou-
tons within the same axon, then the bouton with smallest distance were

termed its nearest neighbour, and the distance was termed NND. To
calculate NND distribution of the shuffled group, we randomly shuffled
the bouton positions 1,000 times using MATLAB function randperm.

Statistics

Significance testing was performed using the Wilcoxon rank sum test,
Pearson correlation coefficient, one-way ANOVA, two-way ANOVA,
paired t-test, and Kolmogorov-Smirnov test using Matlab and Micro-
soft Excel. Two-sided statistical tests were conducted, and data are
presented as mean * s.e.m., with all statistical tests, statistical sig-
nificance values, and sample sizes described in the figure legends.
*P<0.05,*P<0.01,**P<0.001; NS, not significant. All source data
areincluded in the source data table. Sample size was first estimated
on the basis of our lab's previous established protocols and previous
publications. After we had an estimate of the data variance and distri-
bution, power analysis was used to confirm that our estimated sample
sizes were sufficient. We performed power analyses using the formula
N=(ZS/E)*, where Zis the statistical significance level, Sis the standard
deviation and £ is the margin of error. Mice were randomly assigned
to control and training groups. All experiments were repeated in a
minimum ofthree cohorts. All attempts at replication were successful.
Experimenters were not blinded to experimental conditions during
data collection since all mice had to progress through early and late
phases of learning, which are the main condition used for compari-
son. Experimenters were blinded to experimental conditions during
dataanalysis.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All source data are provided with this paper. Imaging and behaviour
datasets have been deposited at Zenodo (https://doi.org/10.5281/
zenodo.15632295 (ref. 58)). In addition, all datasets, protocols and
key lab materials used and generated in this study are listed in a key
resource table alongside their public persistentidentifiers at Zenodo
(https://doi.org/10.5281/zenodo.15179158 (ref. 59)). Source data are
provided with this paper.

Code availability

Thecodeused and generated in this study has been deposited at Zenodo
(https://doi.org/10.5281/zenodo.15183635 (ref. 60)).
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RMtrials (one example mouse). b, Averaged activity pattern of UM only boutons
during RM trials (left) and UM trials (right), sorted according to the activity peak
timein UM trials (one example mouse). ¢, Averaged activity pattern of RM UM
bothboutons during RM trials (left) and UM trials (right), sorted according
totheactivity peak timein RM trials (one example mouse). d, Cumulative
distribution of activity peak time of RM only (red), UM only (blue) and RM UM

both (yellow) boutons (n =8 mice). e, Fraction ofboutons with activity peaks
duringthelever movement period (peak at-0.4sto0.5s,n=8mice,RMvs
UM, P=0.0047,UMvs Both, P=0.0019, two-sided Wilcoxon rank sum test).

f, Fraction of boutons with activity peaks after the lever movement (peak at
>0.5s,n=8mice, RMvsUM, P=0.0047, UM vs Both, P=0.0019, two-sided
Wilcoxonranksumtest). **p < 0.01. Error barsrepresent SEM. Note that more
RMonly and RM UM both boutons activated duringlever pushing period, while
more UMonly boutons activated after lever pushing.
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Extended DataFig.4|Dynamic changes of boutonselectivity during motor
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their dynamic change (n =8 mice). Error bars represent SEM. j, Fraction of
stableand switching boutons. Stable boutons represent the boutons that
were classified as the same types at the early and late stages, while switching
boutons representboutons that were classified as different types at the early
and late stages (P =1.6 x107*, two-sided Wilcoxon rank sum test, n = 8 mice).
***P<0.001, error barsrepresent SEM.
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mouse2.
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boutons (1and 2) located on the same axon, and the Ca* trace of the axonal
shaft.b, Mean correlation between axon shaft and boutonslocated onthe same
axon atearlyand late stage, notethatlearningincreased the correlationalong
thesameaxon (P =0.015, two-sided Wilcoxon rank sum test, n = 8 mice).
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c, Fraction of unique peaks existed inboutons, but not on axon shaft at early and
latestage, learning decreased the heterogeneity between boutons and axon
shaftafterlearning (P = 0.038, two-sided Wilcoxon rank sum test, n = 8 mice).

d, The correlation for smaller and larger peaks between bouton and axon shaft
atearlyandlate stages of learning (P (Early)=0.038, P(Late)=0.003, two-sided
Wilcoxonrank sumtest,n=8mice).*p <0.05,**p <0.01.Errorbarsrepresent
SEM.
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Extended DataFig. 8| Analysis of axon heterogeneity using GCaMPS8f

same axon. Red vertical line:initiation of RM; blue vertical line, initiation of
activity. a, Schematic diagram showing the sites of virus injection (M1) and

UM; red arrowhead, detected Ca** transients; stars, heterogeneous local Ca*
imaging (dorsolateral striatum, DLS). b, Top: example of averaged GCaMP8f transients. ¢, fractions of unified Ca* transients at late stages of motor learning

image showing a single axon with clear axon and bouton morphology. Bottom, (n=3mice).d, Axon heterogeneity at late stage of learning (n =3 mice). Error
representative Ca* traces of three distinct boutons (red arrows) located on the barsrepresent SEM.
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Extended DataFig. 9|See next page for caption.




Extended DataFig.9|Fraction ofboutons Ca* events absent from axonal
shaftacrossdifferent detection thresholds. a, Fraction of unique peaksin
boutons (compared to axon shaft) calculated using different peak detection
threshold (from 0.5 SD to 3 SD, two-sided Wilcoxon rank sum test, n = 8 mice).
b, Fraction of unique peaksinboutons plotted against different peak detection

thresholds. Note the heterogeneity was not affected by the threshold both
atearlyand late stage, but the fraction of unique peaks at late stage were
significantly lower thanthatatearly stage (Early stage, P=1, one-way ANOVA,
n=_8mice;Latestage, P=0.96,one-way ANOVA,P=0.03, two-way ANOVA,
betweenearly and late stage, n =8 mice). *p <0.05. Error bars represent SEM.
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Extended DataFig.10|Same peakfraction across different detection
thresholds. a, Fraction of same peaks between boutons within the same axon
calculated using different peak detection threshold (from 0.5SDto 3 SD,
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betweenboutons within the same axon plotted against different peak detection
thresholds (from0.5SDto3SD,P =0.006, between early and late stage, P=1.9 x
107, between different thresholds, two-way ANOVA, n =8 mice). **P < 0.01. Error
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Extended DataFig.11| Axonheterogeneity of RM and UM axons. Axon
heterogeneity of RMand UM axons at early and late stage (P(RM) = 0.0059,
P(UM) = 0.44, two-sided Wilcoxon rank sum test, n = 8 mice).**p <0.01,
NS, notsignificant, error barsrepresent SEM.
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7988 axon pairs). Thered dashed lineindicates the boundary between two same neurons (P=0.5, two-sided Wilcoxon rank sum test, n = 8 mice).
distribution clusters (with axon correlation of 0.7, as the putative cutoff NS, notsignificant. Error bars represent SEM.

between axon pairs from the same neurons and pairs from different neurons).

b, Axon heterogeneity plotted against pairwise axon correlation. ¢, Axon
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Extended DataFig.13|Spatial distribution of newly formed and eliminated
boutons. a, Spatial distribution of newly-formed and eliminated boutons

along M1axons throughout training. Black vertical lines indicate boutons that
persisted throughout the imaging sessions, red circles indicate newly formed
boutons, andbluecirclesindicate eliminated boutons. b, Cumulative distribution
of nearest neighbor distance for newly formed boutons in the control (black)
and training (red) group (P =2.47 x10°¢, two-sided Kolmogorov-Smirnov test).
¢, Average nearest neighbor distance of newly formed boutons in control

(black) and training group (red) mice (P = 0.01, two-sided Wilcoxon rank sum

test, control: n =9 mice; training: n = 8 mice). d, Average nearest neighbor
distance of eliminated boutons in control (black) and trained (red) mice

(P =0.17, two-sided Wilcoxon rank sum test, control: n =9 mice; training:n=8
mice). e, Cumulative distribution of nearest neighbor distance for newly
formed boutonsin shuffled (black) and training (red) group. f, Average nearest
neighbordistance of newly formed boutonsinshuffled (black) and training
group (red) mice (P =0.0014, two-sided paired t-Test, n =8 mice). *p < 0.05,

**p <0.01,NS, notsignificant. Error bars represent SEM.
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Extended DataFig.14 | Changes of boutondensities acrossdays. a-d, The
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single trial movements or calcium activity, while black traces represent the mean.
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Extended Data Table 1| Number of all trials, RM, and UM for each mouse

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
All RM UM All RM UM All RM UM All RM UM All RM UM All RM UM

trials trials trials trials trials trials trials trials trials trials trials ftrials trials trials trials trials trials ftrials
Mouse 1 177 44 138 136 105 196 148 113 618 165 108 798 182 116 487 118 111 756
Mouse 2 149 47 71 195 84 167 120 78 155 124 111 138 142 125 369 116 112 711
Mouse 3 190 101 158 154 89 158 137 125 241 286 235 682 116 105 389 156 155 326
Mouse 4 357 195 563 246 150 1083 201 192 1164 224 217 1245 245 226 385 165 144 135
Mouse 5 199 48 133 208 89 137 176 127 131 163 159 381 183 165 465 219 196 1274
Mouse 6 241 61 278 255 152 359 166 156 243 208 207 1071 212 174 216 194 194 652
Mouse 7 81 81 57 103 87 118 66 64 250 144 132 938 194 130 787 140 140 1210
Mouse 8 71 55 34 120 80 90 84 70 107 126 116 258 260 173 550 163 158 1151
Mouse 9 77 66 55 83 69 104 84 76 187 180 160 1009 184 157 1278 136 129 1363
Mouse 10 82 77 72 77 62 68 166 158 467 196 167 734 161 139 395 166 152 834
Mouse 11 223 48 193 300 143 379 245 174 718 185 155 494 192 164 820 150 148 849
Mouse 12 216 135 476 244 182 839 191 165 1524 97 95 1041 152 142 583 209 208 850
Mouse 13 203 42 188 279 103 650 215 152 604 198 165 669 173 137 524 190 176 890
Mouse 14 121 82 97 102 100 138 96 91 151 93 89 145 61 61 243 263 237 644
Mouse 15 99 80 75 105 90 125 71 66 170 100 96 919 226 214 1268 201 189 1062
Mouse 16 85 67 40 448 189 182 237 179 248 251 219 1049 125 124 1347 248 234 1983
Mouse 17 62 18 5 92 61 41 125 114 110 167 135 121 180 168 232 184 182 368

Day 7 Day 8 Day 9 Day 10 Day 11
All RM UM All RM UM All RM UM All RM UM All RM UM

trials trials trials trials trials ftrials trials ftrials ftrials trials trials trials trials trials trials
Mouse 1 133 132 733 167 153 406 183 181 447 212 208 591
Mouse 2 112 105 690 123 121 131 135 125 156 143 128 124
Mouse 3 127 124 355 151 146 64 145 145 138 170 170 96
Mouse 4 150 148 119 156 155 281 169 168 423 162 161 173
Mouse 5 149 118 564 242 204 858 164 163 286 234 218 163
Mouse 6 187 186 260 212 212 207 216 216 143 140 138 68
Mouse 7 306 303 1049 326 313 947 243 219 481 322 301 371 271 268 397
Mouse 8 149 137 184 144 143 201 156 151 133 185 181 141 142 142 114
Mouse 9 168 167 1282 123 122 296 165 157 267 226 223 482 162 161 213
Mouse 10 169 163 705 79 79 273 85 81 192
Mouse 11 209 198 576 209 204 253 260 253 252 163 155 353
Mouse 12 169 163 456 176 171 483 210 205 833 173 147 799
Mouse 13 183 174 1247 212 202 1398 218 209 747 189 187 380
Mouse 14 160 151 149 138 128 397 195 192 512 280 272 664 333 324 665
Mouse 15 248 227 562 271 258 566 272 272 836 252 239 424 207 205 329
Mouse 16 271 268 1328 273 270 344 296 295 690 343 338 458 252 250 595
Mouse 17 184 178 559 146 141 531 225 224 1206 231 230 1234 217 211 433

List of number of all cued trials (all trials), rewarded movements during the trial period (RM trials), and unrewarded movements, including pushes failing to exceed the threshold or during the
ITI, (UM trials) for all mice and training days.
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The study did not involve samples collected from the field.

All experiments were performed in accordance with protocols approved by the Stanford University Animal Care and Use Committee,
in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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