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SUMMARY

Dopaminergic neurons (DANS) in the substantia nigra pars compacta (SNc) have been related to movement
speed, and loss of these neurons leads to bradykinesia in Parkinson’s disease (PD). However, other aspects
of movement vigor are also affected in PD; for example, movement sequences are typically shorter. However,
the relationship between the activity of DANs and the length of movement sequences is unknown. We imaged
activity of SNc DANs in mice trained in a freely moving operant task, which relies on individual forelimb se-
quences. We uncovered a similar proportion of SNc DANs increasing their activity before either ipsilateral
or contralateral sequences. However, the magnitude of this activity was higher for contralateral actions
and was related to contralateral but not ipsilateral sequence length. In contrast, the activity of reward-modu-
lated DANSs, largely distinct from those modulated by movement, was not lateralized. Finally, unilateral
dopamine depletion impaired contralateral, but not ipsilateral, sequence length. These results indicate that
movement-initiation DANs encode more than a general motivation signal and invigorate aspects of contra-

lateral movements.

INTRODUCTION

Choosing which actions to perform in specific contexts is critical
for survival. It is also critical to perform these actions at the right
time as well as to execute them with the appropriate vigor—the
right potency, speed, length, and duration. Basal ganglia cir-
cuits, and dopaminergic signaling in these circuits, are critical
for the modulation of both movement initiation and movement
vigor."? Accordingly, one essential feature of Parkinson’s dis-
ease (PD), which is characterized by a progressive loss of dopa-
minergic neurons (DANS) in the substantia nigra pars compacta
(SNc),® is reduced amplitude (hypokinesia) and slowness of
movements (bradykinesia).

Early studies identified that SNc dopaminergic activity was
modulated during large reaching movements.*® More recently,
the activity of DANs was found to be transiently modulated
around movement onset,'*>%~° and manipulations of this activity
before movement onset had an impact on the probability of
movement execution and the speed of movements.”? This is
supported by well-established observations that chronic dopa-
mine (DA) depletion leads to decreased amplitude, peak force,

1034 Current Biology 34, 1034-1047, March 11, 2024 © 2024 The Authors. Published by Elsevier Inc.

10-12 13-15
D

and speed of movement in P and also in rodents.
While many studies of vigor and PD have focused on movement
force and speed, the length of movement sequences (as the
number of elements composing a sequence) is also critically
affected. For example, gait bouts of PD patients are character-
ized not only by a lower speed but also by a reduced number
of steps per bout.'® However, the relationship between the activ-
ity of DANs and the length of movement sequences remains
unknown.

It has been proposed that DANs influence movement vigor by
modulating the motivation to behave.'”'® Behavioral studies in
PD have revealed that the deficit in movement vigor reflects a
reduced probability of committing to more vigorous actions,
even when necessary for obtaining a reward.'®> However, the
vigor deficits in PD are not generalized, as motor signs typically
start focally on one side of the body, '° contralateral to the most
denervated SNc.2° Similarly, unilateral DA depletion in mice
leads to deficits in contraversive, but not ipsiversive, move-
ments.”’ The striatum is involved in contralateral move-
ments,??2* and DANSs activity is higher when animals perform
contralateral vs. ipsilateral choices.” Thus, dopaminergic activity

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:rui.costa@alleninstitute.org
https://doi.org/10.1016/j.cub.2024.01.067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2024.01.067&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Current Biology ¢? CellPress

OPEN ACCESS

== Session 5
=== Session 17
—> —> Session 36
o[22 ]2
SIEIEE IR FR4 FR4
YOl [gl|o
B AKX c F
100 i NS e = L1 ] W |ever press
800 5 ENENESEEETE )| sequence
O -° W SR W criteria
n o 90 EEEE uN
% 600 ® [
G 400 T 5 S—
. § 70 AT stk 2 |m
o ©
§200 E o g £ | mmm
= > = 5 EEE =
0 50 EEE E =
10 20 30 40 50 10 20 30 40 50 e
b Session Number Session Number | __
EEE EE =
’\8200 s " EEE ®
< 100 6 EEEEEE N
4] g Emm
g 80 c5 0 1 2 3
g g Time fi first (s)
g 60 34 G Ime from nirst press (s
5 3 40
T 40 63 N .
i 3 2 20 ; —Session 17
g 20 & 2 \2 \ Session 36
£ 0 ! S0 \1'0
20 30 40 50 10 20 30 40 50
Sessmn Number Session Number Presses/seq
100 ms 200 ms 300 ms 400 ms 500 ms 600 ms
I *% J K
2 = Session 5
5|y Times, @5 ’
session36 & 10 ]
1.5 = 020
© A 4
o B4 el
z ! - < 15
c [v]
0.5 & 210}
0.25 >
a
0 -5
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Session Number Session Number Session Number

(legend on next page)

Current Biology 34, 1034-1047, March 11, 2024 1035



¢ CellPress

OPEN ACCESS

is properly placed to affect movement kinematics in a lateralized
way by directly influencing medium spiny neurons’ (MSNs)
excitability.”®

In this study, we investigate the hypothesis that movement-
modulated DANSs signal not only a general motivation to move
but also invigorates aspects of contralateral movements. To-
ward this end, we developed a behavioral task where freely
moving mice have to perform fast movement sequences using
an individual forelimb to obtain reward. This paradigm allowed
us to investigate movement sequences performed with either
forelimb. We imaged the activity of genetically identified SNc
DANSs using one-photon imaging during lever-press task perfor-
mance. We identified distinct populations of SNc DANs with
transient activity related to movement vs. reward. Although a
similar proportion of movement-modulated neurons were
observed bilaterally, their activity was higher for contralaterally
performed sequences than for ipsilateral ones. Furthermore,
this movement-related activity was related to sequence length
but only for contralateral sequences. In contrast, reward- modu-
lated activity was not lateralized. Consistently, unilateral lesion of
SNc dopaminergic neurons led to contralateral, but not ipsilat-
eral, reduction of sequence length. These results suggest a
role of dopaminergic activity before movement in invigorating
the length of contralateral movements.

RESULTS

Mice learn to perform rapid single-forelimb lever-press
sequences

We trained mice (n = 8) to perform a fast lever-pressing task
where it was required to press a lever at increasingly higher
speeds to obtain a 10% sucrose reward. During the training,
spatial constraints in the lever were imposed to restrict the
accessibility of the lever, forcing the animal to use only one spe-
cific forelimb (Figure 1A; Videos S1 and S2).

After introducing the animals to the apparatus and 4 days of
continuous reinforcement (CRF, one press = one reward), ani-
mals were trained at a progressively faster fixed-ratio schedule
(FR4, 4 presses = one reward), up to a maximum of 4 presses
in less than 1 s. During the FR4 training, the lever was progres-
sively receded to guarantee that it was only accessible to one
forelimb (Figures 1A and 1H, details in the STAR Methods
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section). Animals were moved across a training schedule of 19
sessions, starting with FR4 in 100 s and ending with 5 sessions
of FR4in 1 s. Stability of this asymptotic performance was tested
in 31 consecutive FR4/1-s sessions.

With training, the increase in the total number of lever presses
(Figure 1B, F(18,126) = 4,536 p < 0.0001), paired the increase in
the number of presses/min (reaching 14.95 + 12.26 presses/min
in the last session, F(18,126) = 4,254, p < 0.001 Figure S1A). Dur-
ing this period, animals rapidly started to organize their behavior
in self-paced bouts or sequences of lever presses (Figures 1C-
1G), with the percentage of lever presses performed within a
sequence increasing significantly across training (F(18,109) =
7.526, p < 0.0001; Figure 1C) until there were almost no single
presses occurring in isolation. In the last training session,
92.26% =+ 8.62% of lever presses occurred within a sequence
of more than one lever press, and 77.12% = 19.20% of the
movement bouts had more than one lever press (Figure 1C,
inset).

The number of lever presses within a sequence progressively
increased (F(18,109) = 10.52, p < 0.0001, Figures 1E and 1G),
with the distribution of lever presses per sequence exhibiting a
clear peak at 4 lever presses, matching the imposed rule
(3.69 = 1.71, 17 = 0.5169, p = 0.6212). Also, as time criteria
become more demanding, mice decreased their inter-press in-
tervals (IPIs) up to 0.387 = 0.421 s (not significantly different
from a target of 0.333, t7 = 0.3619, p = 0.7281, an IPI corre-
sponding to the performance of 4 presses in less than 1 s,
F(18,108) = 2.134, p = 0.0089, Figure 1l). Consistent with the
reduction in the IPI, mice also increased their mean lever-press
velocity with training (Figure 1K). There was also reduction in
the variability of the IPIs (Fano factor, Figures 1J, F(49,315) =
1.115, p = 0.2873, post hoc test for linear trend: F(1,315) =
16.08, p < 0.0001).

After the 19 sessions of training, animals were assessed in 31
additional sessions with the criteria of 4 lever presses in less than
1 s, after behavior had reached an asymptote, with no substan-
tial differences noted across these sessions in behavioral met-
rics (Figures 1 and S1; Table S1).

These data indicate that animals learned to shape their
behavior to get closer to the target criteria and, after learning,
this performance is stable across time. Additionally, animals
can be trained to use individual forelimbs (Figures S1E and

Figure 1. A task for assessment rapid single-forelimb lever-press sequences

(A) Schematics of the training schedule. Training starts with a first session of magazine training (MT) followed by 4 sessions of continuous reinforcement schedule
(CRF) where each press leads to one reward. Animals were trained for 19 sessions with an FR4 schedule of increasing time constraint (moving from 4 presses in
100 s to 4 presses in 1 s). During this period, there was also the progressive retraction of the lever that led to lever-press (LP) performance with a single forelimb.
After this period, animals were moved to a performance phase comprising 31 sessions, where 4 lever presses performed in less than 1 s led to a reward. The blue,
orange, and yellow lines represent example sessions to be specifically illustrated in Figures 1G and 11. In (B), (C), (D), (E), (J), and (K), there is a discontinuation in
the line. This represents the end of the stage defined as training and the beginning of the stage defined as performance.

(B and C) (B) With training, the total number of lever presses increased and (C) animals rapidly started to organize their behavior in self-paced bouts or sequences
of lever presses, until there were almost no single presses occurring.

(D-G) (D) In the performance stage, about 60% of sequences were rewarded as animals reorganized their behavior (G) and started to perform lever-press se-
quences of 4 to 5 presses (E). (F) Example of sequences performed by a representative animal, aligned to the time of sequence initiation. Individual lever presses
are marked as black ticks, the full sequence length is shaded in gray, and the IPls that meet the session minimum target are shaded in blue.

(H) Representative frames collected from a high-speed (120 fps) camera during sequence performance.

(I) With training, the inter-press interval decreases to a mean of 0.347 s. The reorganization of IPIs distribution (inset) happens during training.

(J and K) (J) Variability of the inter-press interval decreases while press velocity increases across training (K). (Error bar denotes SEM) *p < 0.05; **p < 0.01;
***p < 0.001; *** p < 0.0001.

See also Figure S1, Table S1, and Videos S1 and S2.
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Figure 2. SNc dopaminergic neurons are transiently active before movement sequence initiation

(A) In 6 DAT-IRES:Cre mice, a miniature epifluorescence microscope was used for deep-brain calcium imaging from SNc dopaminergic neurons. Imaging was
performed after animals learned the task, up to an asymptotic stage.

(B) Field of view (projection of pixel standard deviation) of a DAT-Cre mouse expressing GCaMPéf in the SNc. Regions of interest (ROIs) correspond to traces
in (C).
(legend continued on next page)
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S1F), allowing us to test ipsilaterally and contralaterally per-
formed movement sequences.

Transient activity of SNc dopaminergic neurons
precedes movement sequence initiation
In order to investigate the activity of SNc DANs during the execu-
tion of contralateral vs. ipsilateral movements, we chronically im-
planted gradient index (GRIN) lenses above the SNc (Figure S5E
for lens location), injected a genetically encoded calcium indica-
tor (GCaMP#6f) into genetically identified dopaminergic SNc cells
(DAT-Cre), and imaged the activity using a one-photon miniatur-
ized epifluorescence microscope”® (Figures 2A and 2B). Half of
the animals (total n = 6 mice) had a virus injection and lens im-
planted in the left hemisphere and the other half in the right
one. We trained these animals in the same task described above,
with 2 independent sessions each day; in each session, each an-
imal had to use a distinct forelimb (Figure 2D). Each day mice
were placed in a box with a lever available on one of the sides
(left or right). The session ended after the animal obtained 30 re-
wards or 30 min had passed. After the first session, the animals
were removed from this box and placed in their home cage for a
period of 30 to 150 min before being trained in a second session
in the box, but with the other lever available. The order of limbs
trained (left or right) was pseudo-randomized across days.
Mice were able to perform movement sequences with both fore-
limbs and, after training, no significant differences in behavioral
metrics were noted between the two forelimbs (data summa-
rized in Figure S2 and Table S1 and presented as ipsilateral
and contralateral forelimb to the implanted lens). Neural activity
was assessed during the phase of asymptotic performance.

Constrained non-negative matrix factorization for endoscope
data (CNMF-E)?” was used to extract activity traces for individual
neurons from the microscope video (6 mice, 101 neurons;
Figures 2B and 2C). Neuronal spatial footprints and temporal ac-
tivity were extracted from conjoined left and right sessions. Then,
for all subsequent analyses, a normalized version (Z score) of the
scaled, non-denoized version of dF (change in fluorescence) ex-
tracted by CNMF-E was performed for each of the two full ses-
sions (left and right) independently. We created peri-event time
histograms using the normalized fluorescence for the first press
in any lever-press sequence and reward consumption for each
experimental condition (ipsilateral or contralateral forelimb per-
formance, Figures 2D and 2E).

In line with previous results,” we found that ~39% of SNc
dopaminergic neurons were modulated before movement

Current Biology

sequence initiation and a similar percentage were modulated
around reward. The overlap between these 2 populations was
small (~13%) and not different from what was expected by
chance (Figures 2F, 2G, and S3A). Some DANs also started their
modulation during sequence execution, but this number was
lower than those modulated before sequence performance
(Only 7%-13% of neurons modulated during performance,
F(1,10) = 17.33, p = 0.009; Figure S3B).

Movement-initiation neurons displayed transient increases in
activity before both contralateral and ipsilateral forelimb move-
ment sequences (Figures 2H, 2I, and S3C). However, although
a similar proportion of movement-initiation neurons were
active before contralateral and ipsilateral movements (39.6% =+
13.7% vs. 32.1% + 10.01% p = 0.7356, paired t test, Figure 2J),
the magnitude of the activity of these neurons was significantly
higher in the contralateral vs. ipsilateral SNc (0.646 + 0.061 vs.
0.427 + 0.059, p = 0.048, unpaired t test, Figure 2K). This differ-
ence in neural activity could not be explained by a difference in
the performance of the task, as no performance differences
were identified between the ipsilateral and contralateral forelimb
(Figure S2; Table S1).

These data show that, although movement-initiation neurons
were found bilaterally, activity preceding contralateral limb
movements is higher than the activity preceding ipsilateral
movements.

DANs encode the length of upcoming contralateral, but
not ipsilateral, forelimb movement sequences
We next investigated the relationship between neural activity
before movement initiation and the length of the sequences.
The magnitude of activity of movement-modulated DANs was
sorted according to the number of presses in each sequence
for either ipsilateral or contralateral sequences. The maximum
activity preceding sequence initiation was linearly related to
the number of presses/sequence performed by the contralateral
(Figure 3A left, n = 37 neurons, p < 0.001), but not the ipsilateral,
forelimb (Figure 3A right, n = 33 neurons, p = 0.2660). Our task
was not designed to study dimensions related to the speed of
presses, resulting in these dimensions having a low variability.
No relationship between DA activity and press speed or inter-
press intervals was identified (Figures S3F and S3G), but we
cannot exclude the possibility that we are underpowered by
design.

We quantified the number of neurons significantly modulated
by sequence length (Figures 3B and S4). We identified a

(C) Example traces obtained using the CNMF-E algorithm during the FR4 task. ROIs #1 and #5 are examples of units modulated before first lever press—gray
lines—and ROls #2 and #4 are examples of units modulated after reward —red lines.
(D) Schematics of the training schedule used for this set of experiments. Mice were trained in a pseudo-randomized order across different training days,

alternating between starting with the ipsilateral or contralateral forelimb.

(E) Activity of all recorded ROIs from one session aligned to the first contralateral lever press (left) and to the beginning of reward consumption (right).
(F) Venn diagram representing the number of contralateral first-press (left, blue color) and reward-related (right, green color) neurons.
(G) PETH of positively modulated neurons for first press and reward (bottom) and corresponding heatmaps (top).

(H) Venn diagram representing first-press-modulated neurons when action was performed by contralateral (blue, same number as in F) and ipsilateral (red)
forelimb.

(I) PETH of positively modulated neurons for first press contralateral (blue) and ipsilateral (red) (bottom) and corresponding heatmap for ipsilateral neurons (top).
(J) Percentage of positively modulated neurons before first lever press per mouse, comparing contralateral and ipsilateral forelimb (NS, p = 0.736, paired t test).
(K) Maximum fluorescence in the 2 s before first lever press of positively modulated neurons when the action was performed with the contralateral and ipsilateral
forelimb (contralateral, n = 37 neurons, ipsilateral, n = 33 neurons, “p = 0.0480, unpaired t test). Data are presented as mean + SEM. *p < 0.05.

See also Figures S2, S3, and Table S1.
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Figure 3. Transient SNc activity before the first lever press encodes the length of contralateral movement sequences

(A) Maximum fluorescence before first lever press for movement-modulated neurons, according to the number of presses/sequence performed by contralateral
(left, n = 37, F(1,168) = 20.65, ***p < 0.001, test for linear trend) and ipsilateral forelimb (right, n = 33, F(1,151) = 0.4521, p = 0.5023, test for linear trend).

(B) Example of one movement-modulated neuron activity sorted by the number of presses/sequence.

(C) Percentage of neurons positively modulated by sequence length (top) in contralateral and ipsilateral conditions (*p = 0.0266, Fisher’s exact test). Activity of
individual neurons positively modulated by sequence length (light color) and average activity (strong color) in contralateral and ipsilateral conditions (bottom).
(D) Matching of ROls identified across 3 sessions of performance. Only ROIs that were matched in at least 2 of 3 sessions were plotted (left). Heatplot showing the
average cross-days correlation of matched neurons PETHs and maximum cross-days correlation of each ROI, with all ROls of the same animal across days as a
control (right). Red highlighted regions (a, b, and c) correspond to three different ROIs detailed in (E).

(legend continued on next page)
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significantly higher number of length-modulated neurons con-
tralaterally (27 %, Figure 3C, left) than ipsilaterally (6%, Figure 3C,
right, p = 0.0266). Negatively modulated neurons were scarce
(Figure S4A). These data support the hypothesis that activity of
a population of SNc DANs encodes contralateral sequence
length.

Even accounting for some day-to-day variability in the field of
view, in vivo calcium imaging permits us to track the same region
of interest (ROI) across multiple sessions. This approach allows
us to explore whether SNc neurons’ activity is functionally stable
across different performance sessions of highly trained move-
ments (supporting the argument of a functional identity of spe-
cific dopaminergic neurons during task performance in a context
of diversity of functions, Figure 2F). To match neurons across
sessions, we used a nearest neighbor approach. For all ses-
sions, a centroid for each ROl was calculated. For each refer-
ence centroid, distance from all centroids on the image to be
compared was calculated, and the 3 ROIs with the smallest dis-
tance were visually inspected for their shape to confirm the
matching. Pairing was iteratively performed across the 3
included sessions. Across the 3 sessions, we identified 114 indi-
vidual ROlIs that were matched in at least 2 sessions (40 ROIs—
35.09% —were matched across the 3 sessions, Figure 3D)

Event-aligned activity of matched neurons was correlated
across daily sessions and the results were averaged if matched
in more than 2 sessions (matched group). The activity of the
same neuron was correlated with the matched ROl in a different
session, shuffled in time (shuffled group), and averaged across
daily sessions. Correlation of activity from the reference neuron
with neurons from the same animal, but not those that were
spatially matched (different group), was also computed and aver-
aged across animals. This approach revealed that there is a high
correlation of event-aligned activity of spatially mapped neurons
(66.7% of neurons had a strong correlation—above 0.5, Figures
3D and 3E) and that this similarity was significantly higher than
correlations with non-spatially mapped ones (0.677 + 0.049 vs.
0.147 + 0.014 vs. 0.312 = 0.017, repeated measures one-way
ANOVA performed in the Fisher’s Z transformed correlation coef-
ficient F (1.353, 152.8) = 155.1, p < 0.0001, Tukey’s test for multi-
ple comparisons matched, vs. different, p < 0.0001, matched, vs.
shuffled, p < 0.0001, Figure 3F). This analysis suggests that, in
general, SNc dopaminergic neurons’ functional identity remains
stable across days while animals perform the learned task.

Matching across days (as performed in Figure 3E) allowed us
to study the activity of the same neuron during trials from
different sessions (Figure S4B). For each neuron defined as
movement-modulated, we extracted the activity before move-
ment initiation (as described in Figure 3A). Across the 3 sessions,
a relationship with sequence length was present contralaterally

Current Biology

(Figure 3G, left, n = 37 neurons, p < 0.0001) but not ipsilaterally
(Figure 3H, right, n = 33 neurons, p = 0.2470). These results
were also supported by a trial-by-trial analysis (Figure S4C). A
significant over-representation of length-modulated neurons
contralaterally was observed across the 3 sessions (24% vs.
3%, p = 0.0181, Figure 3I)

These data show that activity in movement-initiation SNc neu-
rons encodes the length of contralaterally (in comparison with
ipsilaterally) performed movement sequences, as neural identity
keeps stable over time.

Reward-modulated DA activity is not lateralized
Modulation around reward was identifiable when mice performed
the task either in the ipsilateral or contralateral condition (Figures
4A and 4B). The number of neurons was not significantly different
between conditions (Figure 4C, 36.9% + 5.9% vs. 41.1% +
14.1%, paired t test: p = 0.8003, Figure 4D). The number of
reward-modulated neurons (active only after reward consump-
tion) was similar when the action leading to that reward was per-
formed ipsilaterally or contralaterally (~23%, Figure 4F middle,
paired t test: p = 0.8902), and no difference was observed in the
maximum fluorescence of neurons according to the side of per-
formed action (0.95 + 0.10 vs. 1.11 + 0.11 Figure 4F right, t test:
p = 0.3355). The overlap between reward-modulated neurons
and movement-initiation neurons was residual (~5% of the total)
and significantly lower than that which we would expect by
random allocation (Figure S3D), revealing that movement initiation
and reward neurons mostly represent two distinct populations.

A second group of neurons was already active before reward
consumption and ramped up as animals approached the maga-
zine (Figure 4D, bottom, hereafter called magazine-approach
neurons).”® Based on the box design, approach to the magazine
could be performed with either an ipsiversive or a contraversive
movement (Figure 4E). While the number of magazine-approach
neurons was not significantly different during ipsiversive or con-
traversive movements (~15%, paired t test: p = 0.9125), their ac-
tivity was significantly higher during contraversive movements
(1.49 = 0.21 vs. 0.66 + 0.18 Figure 4G right, t test: p = 0.0104).

These data support the notion that movement-initiation- and
reward-modulated neurons in the SNc are not likely the same
DAN population and that neurons responsive to reward con-
sumption do not have a lateralized representation.

Dopaminergic depletion reduces the length of
contralaterally performed forelimb movement
sequences

The results shown above suggest that SNc dopaminergic activity
is asymmetric during single-forelimb movements and that its
magnitude is related to the vigor of contralateral, but not

(E) Example PETHSs of three ROIs in different sessions disclosing the similarities in average neural activity.

(F) Histogram of the cross-days correlations represented in (D). (n = 114 ROIs ***p < 0.001, post hoc Tukey’s test after a repeated measures (RM) one-way ANOVA.)
(G) Neurons were matched across 3 sessions. Maximum fluorescence 1 s before first lever press for movement-modulated neurons according to the number of
presses/sequence performed by contralateral (left, n = 37, F(1,175) = 24.69, ***p < 0.0001, test for linear trend) and ipsilateral forelimb (right, n = 33, F(1,157) =

1.202, p = 0.2470, test for linear trend).

(H) Percentage of neurons positively modulated by sequence length (top) in contralateral and ipsilateral conditions across 3 days (*p = 0.0151, Fisher’s exact test).
Activity of individual neurons positively modulated by sequence length (light color) and average activity (strong color) in contralateral and ipsilateral conditions
(bottom).”p < 0.05; **p < 0.01; **p < 0.001; **** p < 0.0001. Data are presented as mean + SEM.

See also Figures S2, S3, and S4 and Table S1.
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ipsilateral, sequences. We therefore tested whether unilateral
loss of dopaminergic neurons in the SNc would preferentially
affect the length of contralateral sequences. To achieve that,
we used a unilateral striatal injection of 6-hydroxydopamine
(6-OHDA), a neurotoxin that selectively affects dopaminergic
neurons. It causes rapid degeneration of striatal terminals (within
hours of treatment) and changes in SNc DAN markers and cell
body structure and numbers are already detectable within
3 days of the lesion.””

A new group of 14 mice was trained in the task as described in
Figure 2D until they reached an asymptotic stage (FR4/1 s). After
this, using a stereotaxic approach, injection of 2 uL of 6-OHDA
(n=8) or saline (n = 6) was performed in the dorsolateral striatum
in a randomly chosen side (left or right). Post-operative care was
performed during the following 7 days and mice did not have ac-
cess to the operant boxes. After this time period, mice were
again placed in the operant boxes and had to perform the task
to obtain reward using the same criteria as before treatment
(FR4/1 s) (Figures 5A and 5B). Severity of DA depletion is re-
vealed in Figure S5D.

Unilateral DA depletion led to a reduction in the number of
presses per sequence (two-way repeated-measures ANOVA,
time F(1,7) = 68.90, p < 0.001, forelimb F(1,7) = 4.704, p =
0.0667, time x forelimb F(1,7) = 11.11, p = 0.0125, Figure 5C
left) and corresponding reduction in the percentage of long
sequences (two-way repeated-measures ANOVA, time F(1,7) =
30.12, p < 0.001, forelimb F(1,7) =2.087, p = 0.1918, time X fore-
limb F(1,7) = 32,45, p < 0.001 Figure 5E left). Whereas the contra-
lateral limb to the lesion started to perform smaller sequences
(4.12 +0.20t02.17 +0,14, Figure 5C left, multiple comparison af-
ter two-way repeated-measures ANOVA, p < 0.001), and show a
reduced number of long sequences (48.82% =+ 7.72% to
8.13% =+ 3.48, Figure 5E left, multiple comparison after two-
way repeated-measures ANOVA, p < 0.001), this was not
observed for the limb ipsilateral to the lesion (4.13 + 0.34 to
3.52 + 0.39, Figure 5C left, multiple comparison after two-way
repeated-measures ANOVA, p = 0.138% and 41.34% + 5.16%
to 37.67% =+ 5.67, Figure 5E left, multiple comparison after
two-way repeated-measures ANOVA, p = 0.9725, Videos S3
and S4). Regardless of the unilateral DA depletion, mice kept
performing the task with the intended limb (Figures S5A-S5C).

The relative mean sequence length (after treatment/before
treatment) was significantly different between sides (Figure 5C

Current Biology

right, paired t test, t = 3,759, df = 7 p = 0.007) and significantly
different from the unit value (representing no change), but only
contralaterally (Figure 5C right, one sample t test, t = 11.07,
df =7, p <0.001). This result was confirmed by the significant dif-
ference in the relative proportion of long sequences between
sides (Figure 5E right, paired t test, t = 4,126, df = 7, p = 0.004,
significance from the unit value only identified contralaterally,
Figure 5E right, one sample t test, t = 15.46, df = 7, p < 0.001)

By contrast, the injection of saline only led to a small and non-
side-specific reduction in the average number of presses/
sequence (Figure 5D left, two-way repeated-measures
ANOVA, time F(1,5) = 7.704, p = 0.039, side F(1,5) = 2.007, p =
0.216, time x side F(1,5) =0.010, p = 0.923), without a significant
change in the proportion of long sequences (Figure 5F left, two-
way repeated-measures ANOVA, time F(1,5) = 4.911, p = 0.078,
side F(1,5) = 0.8281, p = 0.405, time x side F(1,5) = 0.003, p =
0.957). When the relative mean sequence length was compared
between sides, no difference was found (Figure 5D right, paired t
test, t=0.44, df =5, p = 0.6755), similar to the lack of a difference
in sequence length change (Figure 5F right, paired t test, t =
0.5099, df = 5 p = 0.6319). 6-OHDA lesions reduce DA both
before and during sequence execution. Therefore, we analyzed
data from a previous study” and found that optogenetic inhibition
of DANs before the first press of a sequence reduced the length
of the subsequent sequence (in line with our observations with
6-OHDA results), but no change in sequence length was
observed when inhibition started after the first press (Fig-
ure S4D). These data suggest that effect on sequence length is
likely driven by a reduction in DA levels available in the striatum
before, and not during, sequence performance.

Overall, these data show that unilateral DA depletion leads to a
reduction in the length of contralaterally performed movement
sequences without impacting the performance of ipsilateral
movement sequences.

DISCUSSION

We found that activity in a subset of SNc dopaminergic neurons
encodes the length of contralateral sequences—a dimension of
movement vigor—before movement initiation. Using a lateral-
ized task, we unraveled the finding that transient SNc dopami-
nergic activity precedes the execution of forelimb movement se-
quences irrespective of the limb performing the sequence.

Figure 4. Activity of reward-modulated neurons is not lateralized

(A) Heatmaps of neurons with responses around reward when animals performed the task with the ipsilateral and contralateral forelimb.

(B) Venn diagram representing these neurons when reward is collected after performing a contraversive (yellow) and ipsiversive (blue, same number as in
Figure 2F) movement.

(C) Percentage of positively modulated neurons in the contraversive and ipsiversive conditions (p = 0.80, paired t test). Data are presented as mean + SEM.
(D) Example of two neurons displaying different responses identified around reward: reward-modulated neuron (top) and magazine-approach neuron (bottom).
(Left) Activity heatmap for all trials aligned to reward collection. (Right) PETH of that neuron aligned to reward collection.

(E) Top view of mouse position when pressing the lever and consuming reward in situations where it performs a contraversive (top) and ipsiversive (bottom)
movement.

(F) Activity of reward-modulated neurons after a contraversive (blue) or ipsiversive (red) movement: PETH of reward-modulated neurons (left), percentage of
modulated neurons per mouse (n = 6, 25.88% + 15.40% vs. 22.80% =+ 8.84%, p = 0.8902, paired t test) and maximum fluorescence after reward consumption
(right) (ipsiversive, n = 27 neurons, contraversive, n = 19 neurons, p = 0.3355, unpaired t test).

(G) Activity of magazine-approach neurons after a contraversive (blue) or ipsiversive (red) movement: PETH of magazine-approach neurons (left), percentage of
modulated neurons per mouse (n = 6, 15.20% + 5.85% vs. 14.14% + 4.47%, p = 0.9125, paired t test), and maximum fluorescence (right) (ipsiversive, n = 12
neurons, contraversive, n = 22 neurons, *p = 0.0104, unpaired t test). *p < 0.05. Data are presented as mean + SEM.

See also Figure S2 and Table S1.

1042 Current Biology 34, 1034-1047, March 11, 2024



Current Biology ¢? CellPress

Article OPEN ACCESS

Ipsilateral

6-OHDA 3.2 ug/ul

A B Contralateral
2uL
0 )
40 ’
!n or o 6-OHDA
Saline 5 20
100s .. 1s 1s £,
— — 0 5 10 0 5 10
60 Saline
L Recovery 3 40
S|l & FR4 FR4 5 0
v 7 days £ %
0 5 10 0 5 10
Presses/seq
6-OHDA Saline
K Contralateral Ipsilateral \ D Contralateral Ipsilateral
ns
== e *% = = =
O 0 2 0 Q 2
*HX
6
o 15 w15
= o
3 4 3
g $ T4 -+ R
P & (4 o g
[} << w
2 o
4] 0.5 a 0.5
& 2
XXX ns
0 0
o 3 0 o = v = g z
g B EE s & g £
o 2 < 2 < o
E 2.5 *% F 25
100 — 5 100 5
m v
9 g
@ v 15 ] w15
S 5 =] S
g $ s &—o 3
n [~ I »n 50 S
2 2 -
o & £
- < 0.5 3 0.5
=3 =3
T < T < T < T <
o© o] ‘G o® 4] ‘G
o =

o s
g g
: 5
) v

\_ /

Figure 5. Dopamine depletion reduces the length of contralateral movement sequences

(A) A new group of mice (n = 14) was trained in the task, performing actions with each forepaw. After a plateau performance was reached, mice were injected with
6-OHDA or saline unilaterally in the striatum and retested after the lesion.

(B) Example of performance with contralateral and ipsilateral forelimbs to the lesion side, before (black) and after (purple) treatment of a mouse injected with
6-OHDA (top) and saline (bottom). Intra-striatal treatment with 6-OHDA leads to a redistribution of number of presses/sequence performed on the contralateral
forelimb with the performance of sequences.

(C) Change in the number of presses/sequence for 6-OHDA-treated animals. (Left) Number of presses/sequence across the four conditions (time: before/after,
and forelimb: contra/ipsilateral) for 6-OHDA-treated animals. There was an effect for time and an interaction between forelimb and time conditions. Two-way
repeated-measures ANOVA, time F(1,7) =68.90, p < 0.001, forelimb F(1,7) = 4.704, p = 0.0667, time x forelimb F(1,7) = 11.11, p = 0.0125. Post hoc tests revealed a
significant difference in the before/after condition in the contralateral forelimb (4.12 + 0.20 to 2.17 + 0,14, multiple comparison test after two-way repeated-
measures ANOVA, t(7) = 6.835, p < 0.001) but not ipsilaterally (4.13 + 0.34 to 3.52 + 0.39, multiple comparison test after two-way repeated-measures ANOVA,
t(7) =2.121, p = 0.1380). (Right) Ratio of presses/sequence after treatment, normalized to the one before treatment for both ipsilateral and contralateral forelimbs
(normalization of data presented on the left). There was a significant difference between ipsilateral and contralateral change (paired t test, t(7) = 3.759, p = 0.0071)

(legend continued on next page)
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However, this signal was only related to the length of contralat-
eral (but not ipsilateral) sequences. Also, striatal DA depletion
disrupted the length of contralateral, but not ipsilateral, move-
ment sequences. By contrast, responses of reward-modulated
SNc neurons were bilateral and modulated irrespective of the
side of the preceding action. These results uncover a previously
unknown relationship between the activity of DANs before move-
ment and the length of movements.

Laterality is a major topic in nervous system organization, and
most attention on the nigro-striatal pathway has been placed on
dopaminergic striatal terminals. Although in freely moving
animals striatal DA transients are synchronized across hemi-
spheres,®’ contralateral action response was identified in DA ter-
minals in the dorsal striatum.” SNc neurons have both ipsilateral
and contralateral functionally relevant projections,®' but those
ipsilateral to SNc cell bodies are anatomically overrepre-
sented.® Our data suggest that activity in DAN cell bodies is lat-
eralized, and hence the higher activity in striatal DA terminals
observed before contralateral movements is likely driven by
increased firing rate and not enhanced terminal modulation of
DA release. Furthermore, and given that DA depletion starts
asymmetrically by the caudal putamen in PD,'®*® these findings
have implications for understanding the asymmetry in movement
vigor observed in PD.'%3*

It has been previously shown that DA and its metabolite 3,4-di-
hydroxyphenylacetic acid (DOPAC) increase bilaterally in the
striatum in relation to speed when rodents run straight, but con-
tralaterally when they perform circling movements.®® This is in
line with the asymmetry in SNc neuronal activation we observed,
and suggests that asymmetric tonic levels of DA in the dorsal
striatum regulate movement vigor.*® 6-OHDA impairs both
phasic and tonic DA activity. However, our results suggest that
rapid changes in SNc DA preceding movement onset, in addition
to tonic activity, do not modulate the general motivation to move.
The observed lateralized response would be better explained

Current Biology

considering a model of lateralized motivation signaling, or later-
alized modulation of motor aspects.

Although evidence of laterality is present in movement re-
sponses, the same is not true for reward responses. This activity
was similar, irrespective of the side of the performed action that
led to it, and started only after reward collection. The lack of later-
ality of reward responses was also noted in a fiber-photometry
study in the ventral striatum, where headfixed mice had to perform
an ipsilateral or contralateral movement in response to a visual
stimulus.®” This suggests that responses to unpredicted rewards
represent a more general teaching signal in the brain and are not
solely related to the action performed to obtain the reward.

Activity in dorsal striatum DA terminals has been assessed
during decision-making tasks.®”**® In these tasks, evidence of
lateralized DA responses is present when unilateral ambiguous
sensory cues are presented>’ or when a choice is reported by
the animal with a lateralized movement.>”*® Although efforts
have been made to unify observations of movement and reward
responses in DANs, under classic reward prediction error (RPE)
model, previous evidence suggest that movement signals may
be modulated distinctly from RPE.*”*® The results presented
here also suggest that movement signals and reward-modulated
signals can be independently modulated. If movement-modu-
lated signals reflected learned action value, we would not expect
a difference in magnitude of activity based on which limb was
used to perform the actions, as reward prediction is similar for
both left and right limb performance of action sequences.
Furthermore, we would not expect that magazine-approach ac-
tivity”® would be higher for contraversive than for ipsiversive
movements as, again, these actions have the same expected
value. These observations do not argue that DANs do not
encode an RPE, just that not all DANs necessarily encode an
RPE. Facing the high dimensionality of an organism’s behavior,
error signals could be differently decomposed according to the
condition®® or different state information may be carried by

N = 8. Although contralaterally the change was significantly different from the unit value (one sample t test vs. 1: t(7) = 11.07, p < 0.0001), ipsilaterally no significant
difference was found (one sample t test vs. 1: t(7) = 2.281, p = 0.0565).

(D) Change in the number of presses/sequence for saline-treated animals. (Left) Number of presses/sequence across the 4 conditions (time: before/after and
forelimb: contra/ipsilateral) for saline-treated animals. There was only small effect for time. Two-way repeated-measures ANOVA, time: F(1,5) =7.704, p = 0.0391,
forelimb: F(1,5) = 2.007, p = 0.2157, time x forelimb: F(1,5) = 0.01041, p = 0.9227. There was not any significant change in the number of presses/sequence after
saline treatment, either contralaterally (3.40 + 0.35 to 2.73 + 0.33, multiple comparison test after two-way repeated-measures ANOVA, t(5) = 1.408, p = 0.3885) or
ipsilaterally (3.06 + 0.31 to 2.46 + 0.45, multiple comparison test after two-way repeated-measures ANOVA, t(5) = 1.264, p = 0.4552). (Right) Ratio of presses/
sequence after treatment, normalized to the one before treatment for both ipsilateral and contralateral forelimbs (normalization of data presented on the left
panel). There was no significant difference between ipsilateral and contralateral change (paired t test, t(5) = 0.4441, p = 0.6755).

(E) Change in the percentage of long sequences/all sequences for 6-OHDA-treated animals. Long sequences are defined as sequences with a number of presses
higher than the mean number of presses in baseline condition for each forelimb (i.e., the number calculated in C and D). (Left) Percentage of long sequences/all
sequence across the 4 conditions (time: before/after and forelimb: contra/ipsilateral) for 6-OHDA-treated animals. There was an effect for time and an interaction
between forelimb and time conditions. Two-way repeated-measures ANOVA, time F(1,7) = 30.12, p < 0.001, forelimb F(1,7) = 2.087, p = 0.1918, time X forelimb
F(1,7) = 32,45, p < 0.001. Post hoc tests revealed a significant difference in the before/after condition in the contralateral forelimb (48.82% + 7.72% t0 8.13% +
3.48%, 1(7) = 8.854, p < 0.001) but not in ipsilateral forelimbs (41.34% + 5.16% to 37.67% + 5.67%, t(7) = 0.799, p = 0.9725). (Right) Ratio of long sequences after
treatment, normalized to the one before treatment for ipsilateral and contralateral forelimbs. There was a significant difference between ipsilateral and
contralateral change (paired t test, t(7) = 4.126, p = 0.0044). Although contralaterally the change was significantly different from the unit value (one sample t test
vs. 1: (7) = 15.46, p < 0.0001), ipsilaterally no significant difference was found (one sample t test vs. 1: t(7) = 0.210, p = 0.8397).

(F) Change in the percentage of long sequences/all sequences for saline-treated animals. (Left) Percentage of long sequences/all sequence across the 4
conditions (time: before/after and forelimb: contra/ipsilateral) for saline-treated animals. There were no significant changes with saline treatment (two-way
repeated-measures ANOVA, time F(1,5) = 4.911, p = 0.078, side F(1,5) = 0.8281, p = 0.405, time X side F(1,5) = 0.003, p = 0.957; contralateral: 45.87% + 7.11% to
30.40% =+ 14.40; ipsilateral: 37.35% + 4.72% to 20.69% =+ 8.20%). (Right) Ratio of long sequences after treatment, normalized to the one before treatment for
ipsilateral and contralateral forelimbs. There was no significant difference between ipsilateral and contralateral change (paired t test, t(5) = 0.5099, p = 0.6319).
Data are presented as mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

See also Figures S4 and S5, Table S1, and Videos S3 and S4.
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dissociable parallel circuits.*>*' However, this substantiates the
existence of a population of SNc DANs directly involved in move-
ment and movement invigoration—relevant for the interpretation
of symptoms in scenarios of DA depletion. Chronic DA depletion
is associated with vigor impairment,'® paired with a lower spiny
projection neurons (SPNs) recruitment. DA is known to modulate
SPNs activity,”® and evidence points toward more vigorous
movements being related to larger recruitment of SPNs than
less vigorous movements.*? With a fast lever-pressing task, it
was shown that the striatum represents sequences as single ac-
tions and that there are SPNs that exhibit sustained activity dur-
ing the whole sequence performance. Importantly, the activity of
these cells is positively correlated with the lever-press frequency
and these SPNs are mostly D1 neurons.*® In our view, action
plans and context converge to the striatum through cortical
and thalamic inputs, and fast changes in the concentration of
DA in the striatum could modulate the variability in the activation
of SPNs.** Thus, it is plausible that an increase in DA release in
the striatum before sequence initiation would favor the excit-
ability of these D1-SPNs, which in our task could translate into
an increase in the number of lever presses.

Studies assessing DA terminals’ activity in the striatum have
consistently found that activity in the ventral striatum™”*" has
been related to reward and does not seem to be lateralized, while
activity in the dorsal striatum is related to movement'*® and
movement vigor' with lateralized responses.®”*® These studies
have used fiber-photometry techniques, where a full signal re-
sults from a composition of different components. Besides our
study, other single-cell-resolution studies have demonstrated
that different signals are segregated in DANs,”*® with neurons
not only responding to reward but also encoding a range of
behavioral variables, such as kinematics, cues, and performance
accuracy. The findings here deserve further expansion regarding
some aspects of PD etiopathogenesis. First, the involvement of
distinct SNc populations in movement initiation vs. reward (an
observation already described at axonal terminals in the stria-
tum') is in keeping with the notion of selective vulnerability of ni-
grostriatal degeneration and the origin of motor vs. neuropsychi-
atric manifestations such as depression, anxiety, or apathy.*®
Second, the finding that SNc activity is directly linked to the
execution and vigor of a learned movement sequence impli-
cates, contrary to classic understanding,”’ that the nigrostriatal
dopaminergic system may continue to be activated and
engaged during the performance of routine, automatic actions.
Such neurons in the ventrolateral SNc are the first and most
affected in PD and, accordingly, the findings here agree with
the hypothesis of high metabolic demand and overuse as critical
vulnerability factors underlying the onset of neurodegenera-
tion.*® Thus, clarifying whether there is a link between genetic
heterogeneity and functional phenotypes in these dopaminergic
neurons could provide valuable resources to better understand
the spectrum of clinical manifestations in PD and, more impor-
tantly, to define the origin of selective neuronal dopaminergic
degeneration in PD.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Tyrosine Hydroxylase antibody Abcam RRID: AB_112

Anti-Rabbit IgG H&L (Alexa Fluor® 555) Abcam RRID: AB_150078

Bacterial and virus strains

AAV5.SYN.FlexGCaMP6fWPRE.SV40 UPENN AV-5-PV2822, Addgene ID: 100837-AAV5

Chemicals, peptides, and recombinant proteins

Sucrose Sigma-Aldrich Cat# 84099

6-Hydroxydopamine hydrobromide Sigma-Aldrich Cat# H116

Experimental models: Organisms/strains

Mouse: B6.SJL-Slc6a3!™-1CreBkmny j (DAT- Jackson Laboratories RRID:IMSR_JAX:006660

Cre)

Mouse: C57BL6 Champalimaud Centre Vivarium N/A

Software and algorithms

CNMF-e Klaus et al.*’; Pnevmatikakis https://github.com/zhoupc/CNMF_E

etal.””

Bonsai-Open Ephys Lopes et al.”" RRID:SCR_021512; https://open-
ephys.org/bonsai

pyControl pyControl developers RRID:SCR_021612;
https://pycontrol.readthedocs.io

Matlab 2016b, Matlab 2018b MathWorks RRID:SCR_001622; https://www.

mathworks.com/
products/matlab.html

GraphPad Prism 8 GraphPad Software Inc. RRID:SCR_002798; http://www.
graphpad.com/

Mosaic Software v. 1.2.0 Inscopix RRID:SCR_017408; https://support.
inscopix.com/search/site/Mosaic

Zenodo: Data and code https://doi.org/10.5281/zenodo.10493365

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rui M.
Costa (rui.costa@alleninstitute.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Source data from this study are available at https://doi.org/10.5281/zenodo.10493365. Any additional information required to rean-
alyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were approved by the Portuguese Direcgao Geral de Veterinaria and Champalimaud Centre for the Unknown Ethical
Committee and performed in accordance with European Union Directive for Protection of Vertebrates Used for Experimental and
other Scientific Ends (86/609/CEE and Law No. 0421/000/000/2014). Male C57BL/6J mice were tested between 2 and 4 months
old. For calcium imaging studies, the male DAT-IRES:Cre (Dopamine Transporter-Internal Ribosome Entry Site-linked Cre recombi-
nase gene) mouse line from Jackson Labs Stock 006660 (The Jackson Laboratory; B6.SJL-Slc6a3tm1.1(Cre)Bkmn/J) was used.
These mice have Cre recombinase expression directed to dopaminergic neurons, without disrupting endogenous dopamine
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transporter expression. These studies were only performed in male mice, thus limiting generalization to female animals. Genotype
was confirmed by polymerase chain reaction (PCR) amplification. Sample sizes are detailed in the results and/or figure legends.

Virus injections and lens placement
Mice were kept in deep anaesthesia using a mixture of isoflurane and oxygen (1-3% isoflurane at 1l//min) and the procedure was con-
ducted in aseptic conditions.

The mouse head was stabilized in the stereotaxic apparatus (Koft), a skin incision was performed to expose the skull, connective
and muscle tissue was carefully removed and the skull surface was leveled at less than 0.05mm by comparing the height of bregma
and lambda, and also in medial-lateral directions. Unilateral virus injection was performed using a glass pipette with GCaMP6f stock
viral solution (AAV2/5.SYN.FlexGCaMP6fWPRE.SV40 - University of Pennsylvania). For imaging, 1 ul of virus solution was injected in
the right (n=3) of the left (n=3) substantia nigra compacta at the following coordinates: -3.16 mm anteroposterior, 1.40mm lateral from
bregma and 4.20 deep from the brain surface. The injection was done using a Nanojet Il or Nanojet Ill (Drummond Scientific) with a
rate of injection of 4.6 nl every 5s. After the injection was finished, the pipette was left in place for 10-15 minutes. The virus solution
was kept at -80 °C and thawed at room temperature just before the injection.

A 500-um diameter, 8.2-mm long gradient index (GRIN) lens (GLP-0584, Inscopix) was implanted at the same coordinates as the
injection. Before the lens was lowered, a blunt 28 G needle was lowered to 3 mm deep from the brain surface to facilitate the lowering
of the GRIN lens. The GRIN lens was then lowered (4.2 mm deep). The lens was fixed in place using cyanoacrilate, quick adhesive
cement (C&B Metabond) and black dental cement (Ortho-Jet). Three weeks after surgery, the mouse was anaesthetized and fixed
with head bars. A baseplante (BPC-2, Inscopix) attached to a mini epifluorescence microscope (nVista HD, Inscopix) was positioned
above the GRIN lens. To correctly position the baseplate, brain tissue was imaged through the lens to find the appropriate focal plane
using 40% LED power, a frame rate of 10 Hz and a digital gain of 4. Once the focal plane was set, the baseplate was cemented to the
rest of the cap using the same dental cement. Imaging started 2-3 days after this final step. Detailed protocol can be found at: https://
dx.doi.org/10.17504/protocols.io.81wgbx813Ipk/v1

Single-limb fast FR4 operant task

Animals were trained using 14x16 cm custom-built operant chambers placed inside sound attenuating boxes. PyControl, (https://
pycontrol.readthedocs.io), a behavioral experiment control system built around the Micropython microcontroller, was used to control
and detect events and supply rewards. The custom-built boxes had in their design a retractable lever.

At the beginning of each session there was the onset of a light, and the animals were required to perform a sequence of presses ata
minimum frequency in order to obtain a sucrose reward. Sucrose solution (10%) was delivered through the opening of a solenoid
(LHDA1231515H, Lee Company). Sucrose solution was delivered through a tube into the magazine (5ul per reward). Licks were de-
tected using an infrared beam and through a side camera, mouse position in the box was monitored through a camera placed on the
top of the box.

Mice were placed on food restriction throughout training, and fed daily after the training sessions with approximately 1.5 - 2.5g of
regular food to allow them to maintain a body weight of around 85% of their baseline weight. To facilitate learning, animals were
initially exposed to one session of magazine training where sucrose would be available on a random time schedule, and to three
to four sessions of continuous reinforcement schedule (CRF) before training, where single lever presses would be reinforced. In
the following sessions animals were reinforced if they performed a sequence of 4 consecutive presses (Fixed Ratio 4, FR4) in a partic-
ular time window (FR4/Xs, fixed-ration four within X seconds). The duration of time required to perform the four lever presses was
reduced across sessions from 100 seconds to 20 s, 8 s, 4 s, 2 s and finally 1s. To shape animals to use only one of the forelimbs
the lever was progressively retracted and the slit thought which the forelimb accessed the lever was reduced with a custom-built
piece.

Inthe imaging group, animals performed the task 2 times/session - one with the lever in the left side of the box and the other with the
lever in the right - that were randomized throughout the training. Task ended after 30 minutes on each side or when the animals ob-
tained 30 rewards.

The lever was equipped with a digital 9-axis inertial sensor with a sampling rate of 200 Hz (MPU-9150, Invensense) assembled on a
custom-made PCB and connected to a computer via a custom-made USB interface PCB (Champalimaud Foundation Hardware
Platform). Lever velocity was extracted from this sensor.

Timestamps from the behavioral task were synchronized with calcium imaging data using TTL pulses sent from the behavioral
chambers to the Inscopix data acquisition system via a BNC cable. Detailed protocol can be found at: https://dx.doi.org/10.
17504/protocols.io.5qpvo3439v4o/v1

GCaMP6f imaging using a mini-epifluorescence microscope

Mice were briefly anaesthetized using a mixture of isoflurane and oxygen (1% isoflurane at 1L/min) and the mini-epifluorescence mi-
croscope was attached to the baseplate. This was followed by a period of 15-20 min of recovery in the home cage before starting the
experiments. Fluorescence images were acquired at 10 Hz and the LED power was set 40-60% with a gain of 4. Image acquisition
parameters were always set to the same parameters between sessions to be able to compare the activity recorded. Six GCaMP6f-
expressing DAT-Cre mice were imaged during the FR4/1s task in 3 performance days. Detailed protocol can be found at: https://dx.
doi.org/10.17504/protocols.io.kqdg3xdx7g25/v1
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Calcium image processing and analysis
GCaMP6f image processing
All fluorescence movies were initially processed using the Mosaic Software (v. 1.2.0, Inscopix). Two different movies were collected
on the same day (one for ipsi and one for contralateral forelimb). As the epifluorescence microscope was not removed during this
period, movies were concatenated for the next analysis step. First, all frames were spatially binned by a factor of 4. To correct
the movie for translational movements and rotations, frames were registered to a reference image consisting of an average of the
raw fluorescence movie.
Extraction of calcium signals
We implemented the ‘constrained non-negative matrix factorization for endoscopic data’ (CNMF-E) framework for our calcium im-
aging analysis. This framework is an adaptation of the CNMF algorithm that can reliably deal with the large fluctuating background
from multiple sources in the data, and enable accurate source extraction of cellular signals. It include four steps: 1) initialize spatial
and temporal components of single neurons without the direct estimation of the background, 2) estimate the background given the
estimated spatiotemporal activity of the neurons; 3) update the spatial and temporal components of all neurons while fixing the esti-
mated background fluctuation, 4) iteratively repeat step 2 and 3.

CNMF-E only identifies regions of interest that are active in the condition.

After analysis, data from the videos were separated in ipsi and contralateral videos. Further calcium imaging analyses were per-
formed on standardized scores (z-score) of each session.
Criteria to identify lever-press-related and reward-related DANs using GCaMP6f imaging
We constructed a PETH for each neuron trace spanning from -8 to 6 s from lever press onset for the first press and for the first
lick after reward. Distributions of the PETH from -8 to -3 s before the event were considered baseline activity. We then searched
each PETH during a determined epoch for bins that were significantly different from the baseline. A significant change in fluo-
rescence was defined as at least two consecutive bins with fluorescence higher than a threshold of 99% above the baseline. For
first-press modulated neurons, a window from -2 to 0 s was used. For rewarded lick modulated neurons a window from 0 to 1 s
was used. For each neuron, maximum activity in specific time-windows was calculated by the maximum of a moving average of
3 bins.

Cell pairing across sessions

Analysis of matched cells between different days/sessions was based on a nearest neighbors’ method. For all sessions, a centroid for
each ROl was calculated. For each reference centroid, distance from all centroids on the image to be compared was calculated, and
the 3 ROIs with the smallest distance were visually inspected for their shape to define a match. Alignments were performed to 4
events: First lever press and Reward in the ipsi and contralateral situations. The calcium-signal from -10 to +6 seconds after the event
was used to calculate the correlation coefficients for individual ROls across days in the 4 conditions. If the neuron was matched in the
3 days, the 3 possible correlation coefficients were calculated and averaged. Then the maximum value was extracted. As a control,
we correlated each ROI with all ROls in the field of view (FOV) of the same animal on the comparison day. The maximum value was
extracted and then averaged across units. Correlation values were transformed for each point using Fisher’s Z statistic, then the sam-
ples were averaged, and back-transformed into a weighted correlation.

PETH correlation across sessions
For each ROI, 4 PETHs were built as previously described: For the ipsilateral and contralateral conditions 2 events were considered
(lever press and rewarded licks). For each ROI pair the Spearman correlation coefficient between these 4 events was calculated. The
one with the maximum correlation was identified and this value extracted. This process was repeated when matching occurred
across the 3 sessions, and average value between the 3 matchings (A and B, A and C and B and C) was computed. These are
the values for matched ROls in Figure 3D.

As control, we ran the same analysis, but instead of using the matched ROI we used all ROls from the same animal, in a different
session (different group). For the shuffled control we ran the same analysis but performed a time-shuffle of the matched ROIs from
across different sessions (shuffled group). We then calculated the average of the maximum correlations as previously described.

Sequence length analysis

A movement sequence was defined as a bout of lever presses occurring while the animal’s snout in spatially defined region of interest
near the lever. A lever press can occur isolatedly - i.e., preceded and succeeded by the entrance / exit of the lever region — or in
groups of presses. A bout of presses can have from 1 to any positive number of presses. Forimaging experiments, as the cable could
cause some distortion on head position estimate, we confirmed these results by defining a second ROI using the side camera. Se-
quences were divided by the number of presses performed. We grouped together sequences composed of 1 or 2 presses as well
sequences with 7 or more presses. A neuron was classified as sequence length-modulated if the non-parametric correlation between
its maximum activity and number of presses was significant (p<0.05).

Striatal injection of 6-OHDA or Saline and post-operative care
As invirus injections, mice were kept in deep anaesthesia using a mixture of isoflurane and oxygen (1-3% isoflurane at 11//min) and the
procedure was conducted in aseptic conditions.
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The mouse head was stabilized in the stereotaxic apparatus (Koft), a skin incision was performed to expose the skull, connective
and muscle tissue were carefully removed and the skull surface was leveled at less than 0.05 mm by comparing the height of bregma
and lambda, and also in medial-lateral directions. 6-Hydroxydopamine hydrochloride (Sigma Aldrich AB, Sweden) was dissolved at a
fixed concentration of 3.2 ug/ul free-base in 0.02% ice-cold ascorbic acid/saline and used within 2 h. Injection of 2 ul of 6-OHDA or
saline was performed in the dorsolateral striatum +0.5 mm anteroposterior and +2.5 mm lateral from bregma and 3.0 mm deep. In-
jection was done through a glass pipette using a Nanojet Il with a rate of injection of 4.6 nl every 5s. After the injection was finished, the
pipette was left in place for 10-15 minutes.

After surgery, food restriction was reduced (with each animal having access to up 4 mg of food pellets/day). Mice that showed
weight loss were hand-fed (i.e. they were presented with the food while being held by the hands of the investigator) and DietGel Boost
was placed in their boxed up to 4 days after surgery. In order to avoid competition for the food, weaker mice were placed in cages
other than those containing unimpaired mice. The postoperative survival rate was 100%. Detailed protocol can be found at: https://
dx.doi.org/10.17504/protocols.io.x54v9p4pzg3e/vi

Sequence length analysis
Movement sequences were divided into short and long sequences according to mean number of presses/sequence before striatal
injection of 6-OHDA or Saline.

Reanalysis of optogenetic experimental data

Data reported of Figure S4D is a new analysis of a dataset available from a previous publication (2). In summary, AAV2/1.
CAG.Flex.ArchT-GFP (titre 1.4 x 1012, University of Pennsylvania) and AVV2/1.EF1a.DIO. eYFP (titre 1.4 x 1013, University of North
Carolina) were injected bilaterally at 2.3 nl evey 5 s in the same coordinate previously described. Optical fibres with a diameter of
230 um and a NA of 0.39 (Thorlabs FMT 200 EMT) were bilaterally placed at a depth of 3.9 from the brain surface in TH-Cre male
mice from the FI12 mouse line. Light from free-launched 500-mW, 556-nm, diode-pumped, solid-state laser from CNI Lasers,
controlled using an AOM (AA Optolectronic), was delivered after being captured by a collimator and split using a one-input to
two-outputs rotary joint (Doric Lenses). Behaviour training and testing took place in operant chambers within a sound-attenuating
box (Med-Associates) and equipped with one retractable lever on the left side of the food magazine and a house light (3 W, 24 V).
Sucrose solution (10%) was delivered into a metal cup in the magazine through a syringe pump (20 . | per reward). Magazine entries
were recorded using an infrared beam and licks using a contact lickometer. Mice were placed on food restriction throughout training,
and they performed a fixed ratio schedule in which eight presses earn a reinforcer (FR8), without any stimulus signaling when eight
presses were completed. Two different light delivery schedules were used: continuous light delivery for 5 s before the first lever press
in a sequence; and continuous light delivery for 5 s after the first lever press in a sequence. For the first condition, the triggering of the
light was contingent on the breaking of an infrared beam (IRB) positioned right next to the magazine, on the side of the lever.

Anatomical verification
Animals were euthanized after completion of the behavioural tests. First animals were anaesthetized with isoflurane, followed by
intraperitoneal injection of ketamine-xylazine (5 mg/kg xylazine; 100 mg/kg ketamine). Animals were then perfused with 1% phos-
phate buffered saline (PBS) and 4% paraformaldehyde and brains were extracted for histological processing. Brains were kept in
4% paraformaldehyde overnight and then transferred to 1x PBS solution. Brains were sectioned coronally in 50-um slices (using
a Leica vibratome VT1000S) and kept in PBS before mounting or immunostaining.

Images were taken using a wide-field fluorescence microscope (Zeiss Axiolmager).

Detailed protocol can be found at: https://dx.doi.org/10.17504/protocols.io.14egn303ql5d/v1

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is presented as mean + standard error of mean (SEM) and statistical significance was considered for p < 0.05. Statistical anal-
ysis was conducted using GraphPad Prism 8 (GraphPad Software Inc., CA) and MATLAB statistical toolbox (The MathWorks Inc,
MA). One-way or two-way ANOVAs were used to investigate main effects, and Sidak-corrected post-hoc comparisons performed
whenever appropriate. Paired or unpaired t-tests were used for planned comparisons. Parametric tests were used as distributions
were normal. For Figure 3, Spearman’s rank correlations were calculated. Details for statistical tests are presented in Table S1. Sta-
tistical methods were not used to pre-determine sample size.
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