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Dopamine dynamics are dispensable for 
movement but promote reward responses

Xintong Cai1,6, Changliang Liu1,6, Iku Tsutsui-Kimura2, Joon-Hyuk Lee1, Chong Guo1, 
Aditi Banerjee1, Jinoh Lee1, Ryunosuke Amo2, Yudi Xie2, Tommaso Patriarchi3,4, Yulong Li5, 
Mitsuko Watabe-Uchida2, Naoshige Uchida2 & Pascal S. Kaeser1 ✉

Dopamine signalling modes differ in kinetics and spatial patterns of receptor 
activation1,2. How these modes contribute to motor function, motivation and learning 
has long been debated3–21. Here we show that action-potential-induced dopamine 
release is dispensable for movement initiation but supports reward-oriented 
behaviour. We generated mice with dopamine-neuron-specific knockout of the 
release site organizer protein RIM to disrupt action-potential-induced dopamine 
release. In these mice, rapid in vivo dopamine dynamics were strongly impaired,  
but baseline dopamine persisted and fully supported spontaneous movement. 
Conversely, reserpine-mediated dopamine depletion or blockade of dopamine 
receptors disrupted movement initiation. The dopamine precursor l-DOPA reversed 
reserpine-induced bradykinesia without restoring fast dopamine dynamics, a result 
that substantiated the conclusion that these dynamics are dispensable for movement 
initiation. In contrast to spontaneous movement, reward-oriented behaviour was 
impaired in dopamine-neuron-specific RIM knockout mice. In conditioned place 
preference and two-odour discrimination tasks, the mice effectively learned to 
distinguish the cues, which indicates that reward-based learning persists after RIM 
ablation. However, the performance vigour was reduced. During probabilistic 
cue-reward association, dopamine dynamics and conditioned responses assessed 
through anticipatory licking were disrupted. These results demonstrate that 
action-potential-induced dopamine release is dispensable for motor function  
and subsecond precision of movement initiation but promotes motivation and 
performance during reward-guided behaviours.

The striatum integrates input from midbrain dopamine neurons to 
control action and to facilitate learning. Phasic dopamine signalling 
relies on simultaneous firing of many dopamine neurons, synchronous 
release and coincident recruitment of dopamine receptors. Tonic sig-
nalling is mediated by stochastic receptor activations when firing is 
uncoordinated or absent1,2. The importance of the timing of dopamine 
regulation in these pathways remains debated. For example, previous 
studies have shown that rapid dopamine transients precede move-
ment and are associated with movement initiation3–6. It is therefore 
implied that phasic dopamine triggers and modulates movement. 
Contrasting models of temporally precise dopamine action in move-
ment, l-DOPA restores motor defects in patients with dopamine neu-
ron loss in Parkinson’s disease and in dopamine-depleted animals14–17. 
Dopamine signalling is also strongly associated with learning and moti-
vation, with proposed roles for both slow and fast mechanisms7,9,20,21. 
In learning, the importance of rapid dopamine action is rooted in the 
observations that phasic dopamine has reinforcing effects and that it 
resembles the reward prediction error term in reinforcement learning 

theories9–13, although these models remain contested18,19. Altogether, 
these and other studies have provided approaches and models on 
the function of dopamine in the moment-to-moment regulation of 
action22–29. However, it has remained uncertain whether rapid dopa-
mine transients are necessary for movement control, motivation  
and learning.

Movement without induced dopamine release
Phasic dopamine release underlies rapid dopamine dynamics meas-
ured in vivo1,30–32. To disrupt these dynamics, we removed the release 
site organizer RIM, a protein important for action-potential-induced 
dopamine exocytosis, by crossing conditional RIM1 and RIM2 knockout 
mice to DatIres-cre mice (hereafter termed RIM cKODA mice). In acute brain 
slices, electrically induced dopamine release is mediated by action 
potentials (Extended Data Fig. 1a–c) and is severely impaired in these 
mice when assessed using amperometry or electrophysiology33–36. We 
first confirmed that release was disrupted across dorsal striatal areas. 
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After RIM ablation, induced dopamine release was strongly impaired 
throughout the dorsal striatum when assessed in brain slices with the 
D2 receptor-based fluorescent dopamine sensor GRABDA2m (abbrevi-
ated as GRABDA)30,31 (Fig. 1a–d) and when tested at multiple locations 
using amperometry33,34 (Extended Data Fig. 1d–i). In contrast to stud-
ies that removed NMDA receptors from dopamine neurons37,38, we 
here disrupted dopamine release in response to both pacemaker and 
burst firing, and most of the persisting extracellular dopamine was 
independent of action potentials33–35,39,40.

Notably, no impairments in basic motor functions were detected 
in RIM cKODA mice. We first evaluated the subsecond structure of gait. 
In high-frequency videos of mice walking on a linear path, the nose, 
paws, rear-end and tail tip were tracked using a convolutional neural 
network (Supplementary Video 1). Individual gait cycles were segre-
gated using a hidden Markov model and analysed. The structure of gait 
was indistinguishable between RIM control mice and RIM cKODA mice 

(Fig. 1e–j and Extended Data Fig. 1j–t). Correspondingly, no differences 
were detected in bar crossing and climbing tests and in rotarod tests 
(Extended Data Fig. 1u–z).

Despite the strong reduction in induced dopamine release in 
brain slices, basal extracellular dopamine levels measured using 
microdialysis persisted in RIM cKODA mice and amounted to about 
30% of those in control mice33,34. Similar basal dopamine levels are 
detected in mice without genetic disruption of the release machinery 
after local blockade of action potential firing33,34,41. To test whether 
this action-potential-independent dopamine release contributes to 
spontaneous movement, we tracked mouse movement before and 
after depletion of brain dopamine with the vesicular monoamine 
transporter blocker reserpine. We also assessed movement before 
and after inhibition of dopamine signalling with D1 (SCH23390) and 
D2 (haloperidol) receptor blockers. Intraperitoneal (i.p.) injection 
of these drugs induced bradykinesia in both RIM control mice and  
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Fig. 1 | Normal motor function after disrupting induced dopamine release. 
a, Schematic of imaging in parasagittal slices of RIM cKODA mice and RIM 
control mice33. SNc, substantia nigra pars compacta; VTA, ventral tegmental 
area. b–d, Representative images (b) and quantification (c,d) of dopamine 
release monitored by GRABDA fluorescence (dashed lines outline the striatum), 
induced by paired (1 Hz; b,c) or 10 stimuli (10 Hz; d). RIM control, 8 slices  
from 3 mice; RIM cKODA, 11 slices from 3 mice. e, Schematic of gait analyses.  
f–h, Average speed (f) and cadence (g) across gait cycles, and scatter plot and 
linear regression thereof (h). RIM control, R = 0.88 in 1,122 cycles from 10 mice; 
RIM cKODA, R = 0.85 in 1,206 cycles from 10 mice. i,j, As f–h, but for stride length 
against speed, RIM control R = 0.42 in 1,122 cycles from 10 mice, RIM cKODA 
R = 0.57 in 1,206 cycles from 10 mice. k, Schematic of movement initiation 
analyses of drug effects (l–o) and head movement initiations (p–t) in a round 
arena. l,m, Representative trajectories (l) and quantification of distance travelled 

in 30 min (m) before and after i.p. injection of reserpine (2 mg kg–1). RIM control, 
7 mice; RIM cKODA, 8 mice. n,o, As for l,m, but for i.p. injection of D1 (SCH23390, 
1 mg kg–1) and D2 (haloperidol, 2 mg kg–1) receptor antagonists. RIM control, 
6 mice; RIM cKODA, 6 mice. p–r, Individual (p) and average time courses (q) of 
movement initiations, and peak speed per mouse (r). Event heatmaps (p) were 
sorted by the peak speed amplitude. RIM control, 3,615 events from 13 mice; 
RIM cKODA, 4,352 events from 14 mice. s,t, Frequency of peak speeds (s) and 
durations (t) of detected movement events above the indicated cut-off values, 
numbers of events and mice as in p–r. Data are the mean ± s.e.m. **P < 0.01, 
***P < 0.001 as assessed by two-sided Mann–Whitney rank-sum tests 
(c,d,f,g,i,m,o,q,r) or two-way analysis of variance (ANOVA) (s,t). For dopamine 
amperometry and additional analyses of motor function, see Extended Data 
Fig. 1. Exact P values for this and all subsequent figures are in Supplementary 
Table 1.
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RIM cKODA mice (Fig. 1k–o and Extended Data Fig. 1aa,ab), thereby 
establishing that dopamine signalling remains crucial for spontane-
ous movement after RIM ablation. We next performed unilateral dopa-
mine axon lesions with 6-hydroxydopamine (6-OHDA) and induced 
rotations using the dopamine receptor agonist apomorphine42. 
Overall, rotations were similar in RIM control mice and RIM cKODA 
mice (Extended Data Fig. 1ac,ad). This result suggests that dopamine 
receptor super-sensitivity, induced by dopamine denervation42, is 
similar in RIM cKODA mice and control mice and not occluded in the  
mutant mice.

We next extracted movement initiations of mice in an open-field 
arena (Fig. 1k,p–t and Extended Data Fig. 1ae,af). We assessed the 
peak head speed and the duration of movement events in all direc-
tions (Fig. 1p–r) and calculated how frequent specific speeds and 
durations occurred (Fig. 1s,t). Overall, these parameters were highly 
similar between RIM control mice and RIM cKODA mice. We conclude 
that spontaneous movement initiation depends on dopamine sig-
nalling, but action-potential-induced dopamine release seems to be 
dispensable. These findings complement previous work showing that 
dopamine-depleted animals can initiate movement in the presence of 
strong external stimuli43.

Disrupted dopamine dynamics without RIM
To directly test the relationship between rapid dopamine signals 
and movement, we monitored dopamine dynamics in the dorsal 
striatum using fibre photometry with GRABDA in mice moving in an 
open-field arena (Fig. 2a; the cannula was targeted to the medial area 
of the dorsolateral striatum)30. Local infusion of dopamine receptor 
blockers to inhibit dopamine signalling in the imaging area substan-
tially reduced movement (Extended Data Fig. 2a–c). Dopamine fluc-
tuations, measured as the variation of GRABDA fluorescence (ΔF/F0),  
were strongly reduced in RIM cKODA mice (Fig. 2b,c and Extended 
Data Figs. 2 and 3). To assess induced dopamine transients in vivo, 
we used sensory stimulation with 200-ms-long illuminations of the 
open field (50 μW cm–2) at random intervals while the mice explored 
the arena (Fig. 2d–f). We detected phase-locked dopamine tran-
sients in RIM control mice and an approximately 90% decrease in RIM 
cKODA mice. These findings are similar to results from slice experi-
ments33,34 (Fig. 1a–d and Extended Data Fig. 1a–i) and establish that 
rapid dopamine dynamics are disrupted in vivo after ablating RIM from  
dopamine neurons.

Rapid dopamine transients have been proposed to trigger move-
ment3,4. To assess the relationship between fast dopamine dynamics and 
movement initiation, velocity was defined as a two-dimensional vector 
relative to head direction (Fig. 2g). Meanwhile, fluorescence changes in 
photometry were registered to their corresponding velocities in polar 
coordinate plots30. In RIM control mice, dopamine levels were highly 
related to movement direction (Fig. 2h and Extended Data Fig. 3d). 
In RIM cKODA mice, changes in GRABDA fluorescence were strongly 
reduced. We subgrouped movement initiations into contralateral 
turns relative to the fibre photometric canula (in the right striatum, 
left turns with a velocity angle between 0° and 180°) and ipsilateral turns 
(right turns with a velocity angle between 180° and 360°) and aligned 
the measured dopamine transients to them. The velocity amplitude 
and time course of these turns were similar between RIM cKODA mice 
and control mice (Fig. 2i,k). In RIM control mice, dopamine transients 
exhibited an increase or a decrease during contralateral or ipsilateral 
turns, respectively (Fig. 2j,l and Extended Data Fig. 3e–i). These tran-
sients were substantially impaired in RIM cKODA mice. In conclusion, fast 
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Fig. 2 | Disrupted in vivo dopamine dynamics but unaltered movement 
initiation in RIM cKODA mice. a, Schematic of the experiment. The fibre 
photometric canula was in the right dorsal striatum. b,c, Example traces (b) 
and quantification (c) of fluorescence variation quantified as the s.d. of ΔF/F0  
of GRABDA and tdTomato fluorescence. RIM control, 5 mice; RIM cKODA, 5 mice. 
d–f, Time course of fluorescence in individual trials (event heatmaps, top) and 
average data (bottom) for GRABDA (d) and tdTomato (e) fluorescence aligned  
to the sensory stimulation (dashed line), and peak GRABDA per mouse (f). Event 
heatmaps in d,e were sorted by the peak amplitude in d. RIM control, 117 events 
from 5 mice; RIM cKODA, 115 events from 5 mice. g, Schematic of movement 
initiation analyses as previously established30. h, Average GRABDA and tdTomato 
signals registered to their concurrent velocity. Each velocity vector was plotted 
in polar coordinates, and the corresponding fluorescence changes (ΔF/F0)  
were mapped onto these velocity vectors for each genotype and fluorophore. 
i–l, Individual (event heatmaps, top) and average (bottom) time courses  
of velocity amplitudes (i) and GRABDA fluorescence changes ( j) during 
contralateral movement initiations (left turns, velocity angles between 0°  
and 180°), and peak velocity (k) and GRABDA (l) per mouse. Event heatmaps in  
i,j were sorted by the peak velocity amplitude. RIM control, 354 events from 
5 mice; RIM cKODA, 455 events from 5 mice. Data are the mean ± s.e.m. **P < 0.01, 
assessed by two-sided Mann–Whitney rank-sum test (c,f,k,l). See Extended 
Data Figs. 2–5 for assessment of locomotion after dopamine receptor blockade, 
ΔF/F0 variation as a function of excitation power output, ΔF/F0 variation after 
sodium channel blockade, ΔF/F0 variation before and after GRABDA blockade, 
additional movement-related GRABDA fluorescence of RIM cKODA mice, 
dopamine axon Ca2+ dynamics with GCaMP6s of RIM cKODA mice, and dopamine 
release with RdLight1.
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dopamine transients are strongly correlated with movement initiations, 
a finding similar to previous work3–6,30. However, these rapid dynamics 
can be disrupted without effects on movement initiation and on its 
kinetic features (Fig. 2g–l). Moreover, the time course of dopamine 
transients compared to turning velocity was delayed30 (Extended Data 
Fig. 3d). Together, these results indicate that it is unlikely that dopamine 
triggers movement.

Similar methods were used to assess Ca2+ fluctuations in dopamine 
axons with GCaMP6s and striatal dopamine changes with RdLight1, 
a red-shifted, D1 receptor-based dopamine sensor32 (Extended Data 
Figs. 4 and 5). Overall, axonal Ca2+ fluctuations were similar between 
the mouse genotypes, whereas dopamine transients monitored with 
this alternative sensor were disrupted after RIM ablation. These data 
indicate that this impairment in dopamine dynamics is unlikely due to 
a loss of dopamine neuron firing.

l-DOPA does not restore dopamine dynamics
The results from RIM cKODA mice establish that most dopamine dynam-
ics are dispensable for subsecond control of spontaneous movement 
when dopamine release is disrupted through RIM ablation throughout 
development. In search of an alternative approach, we also tested mice 
with synaptotagmin-1 ablated from dopamine neurons (Syt-1 cKODA 
mice), which abolishes synchronous dopamine release in brain slices41. 
In vivo, however, the remaining release, presumably asynchronous 
release 41,44, maintains dopamine dynamics in these mice; therefore, 
Syt-1 cKODA mice are not suited to test roles of these dynamics in behav-
iour (Extended Data Fig. 6).

We next used pharmacological manipulations to acutely disrupt 
dopamine release, effectively preventing putative compensation that 
might be present in genetic experiments. Foundational work revealed 
that the dopamine precursor l-DOPA restores movement after dopa-
mine depletion with the vesicular monoamine transporter blocker 
reserpine16,17. For the treatment of Parkinson’s disease, the leading 
model is that l-DOPA promotes movement through constant dopamine 
receptor stimulation14. It is unclear whether l-DOPA restores some 
fast dopamine dynamics, and how it might lead to constant receptor 
activation remains uncertain. We tested whether l-DOPA promotes 
movement without restoring dopamine dynamics.

We used intraperitoneal (i.p.) reserpine injection to deplete dopa-
mine, which induced bradykinesia and eliminated striatal dopamine 
fluctuations (Fig. 3a–e). Subsequent l-DOPA i.p. injection restored 
movement and enhanced baseline dopamine, but failed to re-establish 
dopamine dynamics (Fig. 3b–e and Extended Data Fig. 7). Brief illumi-
nations of the arena did not elicit dopamine responses in these mice, 
thereby establishing that induced dopamine release was disrupted 
(Extended Data Fig. 8). Although the turning velocity was restored to 
pre-reserpine levels after l-DOPA injection, turning-associated dopa-
mine transients were strongly impaired in the polar coordinate plots 
and were undetectable in isolated left turns (Fig. 3f–j and Extended 
Data Fig. 9a–e).

To examine whether RIM ablation or dopamine depletion followed 
by l-DOPA left behind a small amount of rapid dopamine sufficient to 
trigger movement, we combined these manipulations (Fig. 3k–n and 
Extended Data Fig. 9f–j). Movement in RIM cKODA mice was sensitive 
to reserpine depletion, and resupplying l-DOPA restored movement 
initiation. The small GRABDA fluorescence increase detected in RIM 
cKODA mice at movement onset was abolished by reserpine and by treat-
ment with reserpine plus l-DOPA. These data indicate that it is highly 
unlikely that a small amount of phasic dopamine in RIM cKODA mice 
or after reserpine plus l-DOPA treatment triggers movement initia-
tion. Altogether, movement initiation was intact even when dopamine 
dynamics were ablated post-developmentally within a 24 h time win-
dow. Our data establish that l-DOPA ameliorates movement without 
enhancing rapid dopamine dynamics.

Impaired performance vigour without RIM
We next tested whether action-potential-induced dopamine release is 
necessary for reward-oriented behaviour and learning. We first assessed 
RIM cKODA mice in food-associated conditioned place preference 
(food-CPP), a task that tests for reinforcing effects of food, including 
the motivation for reward45. RIM cKODA mice formed food-CPP similar to 
controls, but they entered the centre area less often, which suggested 
that they are less motivated to seek food (Fig. 4a–e). These results indi-
cate that the ability to associate a food stimulus with environmental 
context is intact in RIM cKODA mice. However, the motivation to seek 
food seemed reduced, which was in contrast to the unaltered level of 
general exploration of an open arena (Fig. 1k–o).

Next, to assess the vigour of reward-oriented movement, we trained 
RIM cKODA mice and RIM control mice in an odour-guided perceptual 
decision-making task46. Mice initiated a trial with a nose poke in a central 
port, which in turn provided an odour that indicated the side port at 
which a water reward will be delivered (Fig. 4f). RIM cKODA mice initiated 
fewer trials and took longer before initiating the next trial independent 
of whether the preceding trial was a success (reward obtained) or a fail-
ure (no reward) than RIM control mice. However, both RIM control mice 
and RIM cKODA mice learned the task (Fig. 4g–j). Despite accurate task 
execution and unaltered reaction time after presentation of the odour, 
RIM cKODA mice moved slower from the odour port to the water port 
and consequently took more time to complete a single trial (Fig. 4k–m). 
Together, these results indicate that action-potential-induced dopa-
mine release is not needed for the process of reinforcement learning 
in these two tasks. By contrast, it refines reward-oriented movement 
as its disruption affects rapid and consistent performance.

Conditioned behaviour without RIM
Dopamine dynamics resemble a teaching signal that encodes the dis-
crepancy between expected and obtained reward9–13. To test the roles 
of this reward prediction error-related dopamine signal, we adapted  
a probabilistic conditioning task12 during which we evaluated dopamine 
dynamics in head-fixed RIM cKODA mice and RIM control mice. This task 
has been used to assess these dopamine signals. It can further serve 
to test whether dopamine supports motivation to participate in the 
task, promotes learning to predict reward probability and facilitates 
expression of learning through anticipatory behaviour. Induced dopa-
mine release is disrupted in the ventral striatum of RIM cKODA mice 
when assessed using amperometry in brain slices33. Correspondingly, 
GRABDA transients in brain slices and dopamine fluctuations in vivo were 
strongly reduced in the ventral striatum after RIM ablation (Extended 
Data Fig. 10a–h).

The mice were trained on 20 consecutive days to predict the prob-
abilities of water rewards in response to three specific odours, and 
dopamine dynamics were monitored by fibre photometry (Fig. 5a 
and Extended Data Fig. 10i,j). The head-fixed mice collected the water 
reward by licking at reward delivery. Anticipatory licking between 
odour and reward delivery was quantified as a learned behaviour during 
this task. Free water trials in which an unexpected reward was delivered 
were intermixed.

In free water trials, reward consumption of RIM control mice was 
accompanied by increasing dopamine responses over the 20-day 
training period (Fig. 5b–e and Extended Data Fig. 10r,s). On day 1 of 
training, RIM cKODA mice effectively consumed free rewards with  
a normal peak lick frequency. However, late in the training, RIM control 
mice showed an increase in sustained licking after free water delivery 
(Fig. 5e and Extended Data Fig. 10r,s), whereas RIM cKODA mice did not 
increase this behavioural response, which possibly reflects decreased 
motivation. Dopamine transients were strongly impaired, and reward 
consumption failed to boost dopamine responses over time in RIM 
cKODA mice. The correlation between defects in sustained licking and 
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in dopamine signals suggests that dopamine magnifies the behavioural 
response to reward.

In odour trials, the mice were trained to associate odours with 
rewards with a specific probability: 80% reward for odour 1 (100% in 
the initial training phase from days 1–7); 40% reward for odour 2; and 
no reward for odour 3. RIM control mice strongly increased anticipa-
tory licking over time in proportion to reward probability (Fig. 5f and 
Extended Data Fig. 10k). By contrast, RIM cKODA mice showed substan-
tially reduced anticipatory licking in response to odours associated 
with 80% and 40% reward probabilities (Fig. 5f). Nevertheless, the mice 
effectively collected rewards (Fig. 5g), similar to the free water trials.

Analyses of dopamine responses in the ventral striatum on day 17 
(Fig. 5h–l) revealed reward prediction error-like dopamine signals in 
RIM control mice. There were large dopamine transients in response to 
odours 1 and 2. At reward delivery, there was either a reward-associated 
dopamine signal (in rewarded trials) or a dip (in omission trials). In RIM 
cKODA mice, the magnitude of dopamine dynamics was substantially 
decreased.

Altogether, these results establish a central role for RIM-dependent 
dopamine dynamics in this probabilistic cue-reward association task. 
In RIM cKODA mice, dopamine responses to reward and to reward- 
predicting cues are disrupted. Although these mice can in principle  
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learn to make reward-based decisions, conditioned behavioural 
responses are impaired.

Discussion
Correlative studies are often used to develop models on how neural 
activity controls behaviour. In the case of dopamine, it has remained 
difficult to move from correlation to causation. A key challenge has 
been to mechanistically define the different dopamine signalling modes 
and to determine their functions1,2,7. We here adapted approaches to 

assess roles of rapid dopamine dynamics in movement, motivation 
and learning by disrupting action-potential-induced dopamine release 
(Supplementary Discussion). We show that the remaining stochastic  
dopamine signalling is sufficient to drive movement with subsec-
ond precision. By contrast, although mice with disrupted dopamine 
dynamics can learn to make reward-based decisions, they have strongly 
impaired behavioural responses to anticipated rewards. We conclude 
that rapid dopamine dynamics are dispensable for movement initiation 
but the role of RIM in action-potential-mediated dopamine release is 
important for reward-guided conditioned behaviours.
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The mechanisms and roles of action-potential-independent dopa-
mine signalling are unclear. This form of release might contribute to 
functions of tonic dopamine1,7,9,21, but the underlying mechanisms 
remain poorly defined. Because most dopamine release is vesicular, 
spontaneous release generates small-scale, high-concentration dopa-
mine sparks that act on nearby receptors rather than homogenous low 
levels of extracellular dopamine to evenly and persistently activate 
receptors1. Isolated vesicular release events can either occur in response 
to uncoordinated pacemaker firing40 or be unrelated to firing, as is 
the case in RIM cKODA mice33,34,41. Previous work evaluated mice with 
an attenuation in input-driven increases in firing by removing NMDA 
receptors from dopamine neurons37,38. These mice had decreased burst 
firing rates, which reduced induced dopamine release, as measured 
with voltammetry, by about half and had impaired conditioned behav-
ioural responses. The release deficit was milder than in RIM cKODA mice. 
A strong phasic response persisted, probably because NMDA receptor 

removal did not disrupt the synchronizing effects of glutamatergic 
inputs. Release in response to the remaining phasic firing and to tonic 
firing were unaffected.

In RIM cKODA mice, release triggered by action potentials is substan-
tially impaired, which results in reduced dopamine release in response 
to both phasic and tonic firing. The dopamine release deficit observed 
in RIM cKODA mice has previously been characterized using brain 
slice amperometry and electrophysiology, and with in vivo micro-
dialysis33–36. We here expanded on these analyses with fluorescent 
sensors in brain slices and in vivo. The dopamine sensors have rapid 
on-kinetics, but the relatively slow off-kinetics and the nature of the 
bulk photometric measurements may slow signal decay. Although 
the sensors show overall good specificity, related transmitters such 
as noradrenaline, which is present in the ventral striatum, may con-
tribute to fluorescence signals31,47,48. Fibre photometry reports a bulk 
signal, and some high local dopamine might escape detection; for 
example, dopamine reported by brain slice electrophysiology36 or in 
response to tonic firing. In any case, ablating RIM strongly decreases 
action-potential-induced dopamine release. Stochastic activations of 
small and changing dopamine receptor subsets that can occur in the 
absence of firing might drive the unaffected dopamine-dependent 
behaviours. Our work indicates that there are important roles for 
spontaneous, firing-independent dopamine release. For move-
ment, the distinction between action-potential-dependent and 
action-potential-independent release is likely to be more important 
than that of phasic and tonic dopamine neuron activity.

Understanding the mechanisms of l-DOPA is important because 
patients with Parkinson’s disease rely on this treatment. In patients, 
l-DOPA might work through enhancing tonic dopamine, and sustained- 
release formulations indeed ameliorate l-DOPA-induced dyskine-
sias14,49. Our work establishes experimentally that l-DOPA can restore 
spontaneous movement without increasing phasic signals. The action 
of l-DOPA substantiates that dopamine source and timing are not essen-
tial for improving motor function. However, l-DOPA treatment is not 
effective for all Parkinson’s disease symptoms, and side effects develop 
over time, probably because l-DOPA does not restore the regular modes 
of dopamine transmission. Aberrant dopamine fluctuations, constant 
dopamine receptor activations or adaptations in response to these 
factors might induce dyskinesias.

In contrast to its dispensability for movement initiation, we find that 
ablating action-potential-induced dopamine release results in substan-
tial deficits in reward-conditioned behaviours. Previous studies have 
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See Extended Data Fig. 10 for additional assessment of licking and of GRABDA 
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postulated that reward-based learning involves dopamine-dependent 
and dopamine-independent mechanisms50–52. The disruption of RIM 
function may manifest in multiple aspects of behaviour, including 
learning, motivation, action selection, response vigour and skilled 
movement7,21,46,53–56. RIM cKODA mice can effectively learn to discriminate 
two odours. By contrast, RIM is important for promoting reward-driven 
behaviour, and RIM removal reduces trial initiations during odour dis-
crimination and licking during probabilistic cue-reward associations. 
These results indicate a decrease in motivation. It has been proposed 
that motivation is mediated by phasic dopamine activities20,57, and it may 
be reduced because these dynamics are disrupted after RIM ablation. 
Alternatively, loss of dopamine release in response to tonic firing in RIM 
cKODA mice may reduce motivation (Supplementary Discussion). Our 
findings complement earlier work in which modulating dopamine sig-
nalling through genetic inhibition of re-uptake magnified performance 
and motivation58,59. Moreover, motivation has learned components. This 
is illustrated by the evolving behavioural response to free water (Fig. 5), 
and reduced motivation might be related to impaired associative  
learning.

Our results indicate that diverse mechanisms may mediate learn-
ing and expression of anticipatory behaviour in response to reward- 
predicting cues. Expression of reward anticipation strongly depends 
on RIM in dopamine neurons (Fig. 5), whereas discrimination of cues 
to instruct actions is independent of it (Fig. 4). Learning of cue–
action associations in these tasks may be distinct. Learning might be 
dopamine-independent or be supported by baseline dopamine, similar 
to spontaneous movement. This conclusion is supported by a recent 
study in which mice with a decrease in train-induced dopamine release 
through dopamine neuron-specific deletion of VPS41 learned to collect 
food rewards effectively over a few days of training, albeit with a delay60. 
Although our data implicate that RIM has a role in motivation, they do 
not exclude that learning of probabilistic rewards relies on precisely 
timed dopamine action. The impaired anticipatory behaviour after 
RIM ablation can be caused by a defect in reinforcement learning. The 
impeded performance during odour discrimination may be caused by 
impaired learning of skilled movements. The limited temporal control 
in our genetic experiments makes it difficult to distinguish learning 
versus performance, and future work should disambiguate these possi-
bilities. Nonetheless, our findings establish distinct roles for dopamine 
signalling modes in spontaneous movement and reward-conditioned 
behaviours.
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Methods

Mice
Conditional RIM1 (ref. 61) and RIM2 (ref. 62) knockout mice (RIM1floxed, 
Rims1 gene targeted, RRID: IMSR_JAX:015832; RIM2floxed, Rims2 gene 
targeted, RRID: IMSR_JAX:015833) or conditional synaptotagmin-1 
(Syt-1, also called SYT1)63 knockout mice (Syt-1floxed, Syt1 gene targeted, 
RRID: IMSR_EM:06829) were crossed to DatIres-cre mice64 (Slc6a3 gene 
targeted, RRID: IMSR_JAX:006660) as previously established33,41. For 
conditional knockout experiments, mice heterozygous for DatIres-cre and 
homozygous for floxed RIM1 and RIM2 were used as RIM cKODA mice. 
RIM control mice were from the same crossings and had heterozygote 
floxed RIM1, RIM2 and DatIres-cre alleles as previously described33,34. Mice 
heterozygous for DatIres-cre and homozygous for floxed Syt-1 were used 
as Syt-1 cKODA mice. Syt-1 control mice were from the same crossings 
and were heterozygous DatIres-cre and wild type for Syt-1. For l-DOPA 
restoration of movement in control mice (Fig. 3b–j and Extended 
Data Figs. 8h–j and 9a–e), Syt-1 control mice (which are heterozy-
gous for DatIres-cre) were used. Mice heterozygous for DatIres-cre were 
used in Extended Data Fig. 2d–l (one cohort) and in Extended Data 
Figs. 7 and 8b–g (another cohort). Surgeries were started at 30 days 
of age (80 ± 48 days; mean ± s.d.) and experiments were completed at 
122 ± 67 days of age. Specifically, the following age ranges (mean ± s.d.) 
for completion of experiments were used: 120 ± 71 days for Fig. 1a–d 
and Extended Data Figs. 1a–i and 10a–d; 135 ± 78 days for Fig. 1e–t 
and Extended Data Fig. 1j–af; 105 ± 50 days for Fig. 2 and Extended 
Data Figs. 2–5; 92 ± 54 days for Fig. 3 and Extended Data Figs. 6–9; 
103 ± 11 days for Fig. 4; and 203 ± 21 days for Fig. 5 and Extended Data 
Fig. 10e–s. Mice used in behavioural experiments were housed in a 
reversed 12-h light–dark cycle in rooms set to 21–24 °C and 50% humid-
ity, and behavioural experiments were conducted during the dark phase 
of the cycle. For slice imaging and behavioural experiments, the mice 
were either littermate pairs or age-matched pairs from the respective 
crossings because it was not always possible to obtain full cohorts of 
littermate pairs owing to the complexity of the genetic experiments. 
Female and male mice were included in all experiments irrespective of 
sex. Genotype comparisons in brain slice and behavioural experiments 
were performed by an experimenter blind to the genotype throughout 
data acquisition and analyses. For l-DOPA restoration of movement in 
Fig. 3, the experimenter was blind to the condition during data analyses. 
Animal experiments were performed in accordance with approved 
protocols of the Harvard University Animal Care and Use Committee.

Drugs
Drugs were injected (i.p.) with a total volume of less than 0.15 ml. Reser-
pine was dissolved in dimethyl sulfoxide (DMSO) and administered 
at 2 mg kg–1 (open-field experiments in Fig. 1) or 3 mg kg–1 (open-field 
experiments with reserpine and l-DOPA methyl ester or carbidopa 
restoration of movement in Fig. 3 and Extended Data Figs. 8h–j and 9). 
SCH23390 (in PBS) and haloperidol (in DMSO) were injected at a final 
concentration of 1 mg kg–1 and 2 mg kg–1, respectively (open-field exper-
iments in Fig. 1). Haloperidol (in DMSO) was injected at 2 mg kg–1 (fibre 
photometry experiments in Extended Data Figs. 3 and 6) and apomor-
phine (in PBS) was injected at 1 mg kg–1 (Extended Data Figs. 1ac,ad and 
4d–f). For experiments in Fig. 3 and Extended Data Figs. 7–9, 250 mg kg–1 
l-DOPA methyl ester (in 0.01% ascorbic acid) was injected together with 
25 mg kg–1 carbidopa (in 0.01% ascorbic acid). For unilateral lesion of 
dopamine axons, 1 μl of a solution with 3.5 μg μl–1 of 6-OHDA (in 0.02% 
ascorbic acid) was injected stereotaxically as described below, and 
apomorphine-induced rotations were assessed 3 weeks after surgery. 
For drug infusion into the brain, drugs were delivered in a total vol-
ume of 1 μl using a syringe pump at 0.2 μl min–1. Drugs were dissolved 
in artificial cerebrospinal fluid (ACSF) containing (in mM): 155 NaCl, 
1.2 CaCl2, 1.2 MgCl2, 2.5 KCl and 5 glucose heated to 37 °C before use. 
SCH23390 and haloperidol were infused at a final concentration of 

20 μM and 40 μM, respectively (Extended Data Fig. 2). Tetrodotoxin 
(TTX; in ACSF) was infused at a concentration of 500 nM in the dorsal 
striatum during fibre photometry (Extended Data Fig. 2).

Stereotaxic surgeries
Surgeries in mice for slice imaging or for open-field experiments 
were adapted from previously established methods30 and conducted 
unilaterally in the right striatum or bilaterally (Extended Data Fig. 2). 
Anaesthesia was induced with 5% isoflurane and mice were mounted 
on a stereotaxic frame; 1.5–2% isoflurane was used to maintain sta-
ble anaesthesia during surgery. After exposing the skull, a small hole 
was drilled and adeno-associated viruses (AAVs) were injected using 
a microinjector pump into the SNc (1.1 mm anterior, 1.3 mm lateral of 
Lambda and 4.2 mm below the pia) or into the dorsal striatum (1.0 mm 
anterior, 2.0 mm lateral of Bregma and 2.5 mm below the pia) and/or 
into the ventral striatum (1.45 mm anterior, 1.4 mm lateral of Bregma 
and 4.35 mm below the pia). A total volume of 1 μl virus diluted to a titre 
of 1012–1013 genomic copies per ml was injected at a rate of 0.1 μl min–1, 
and the microinjector was left for an additional 10 min after injection. 
In mice for open-field experiments with fibre photometry, an optical 
cannula (400 μm diameter, Doric) was implanted immediately after 
virus injection in the dorsal striatum (1.0 mm anterior, 2.0 mm lateral 
of Bregma and 2.4 mm below the pia) and was secured by two bone 
screws. The cannula and screws were fixed to the skull using fast-curing 
optical adhesive and dental cement. For locomotion tests with infusion 
of drugs in the brain, dual-fluid cannulas (530 μm diameter, Doric) 
were implanted bilaterally (dorsal striatum, coordinates: 1.0 mm 
anterior, 2.0 mm lateral of Bregma and 2.4 mm below the pia). For 
fibre photometry combined with drug infusion, an opto-fluid cannula 
(400 μm in diameter, Doric) was implanted immediately after virus 
injection (dorsal striatum, coordinates: 1.0 mm anterior, 2.0 mm lateral 
of Bregma and 2.4 mm below the pia). Unilateral lesion of dopamine 
axons was performed by injecting 1 μl 6-OHDA (3.5 μg μl–1) into the 
right medial forebrain bundle (1.0 mm posterior, 1.0 mm lateral of 
Bregma and 4.9 mm below the pia). Surgeries in mice for head-fixed 
experiments were adapted from previously established methods12. 
Mice were anaesthetized with 3% isoflurane for induction, were 
mounted on a stereotaxic frame and anaesthesia was maintained at 
1–2% isoflurane. A local anaesthetic (1:1 mixture of 2% lidocaine and 
0.5% bupivacaine) was subcutaneously injected at the incision site. A 
custom-made head-plate was attached to the cleaned and dried skull 
with adhesive cement containing charcoal powder. AAVs were injected 
using a glass pipette into the left ventral striatum (1.45 mm anterior, 
1.4 mm lateral of Bregma and 4.35 mm below pia) and into the right 
dorsal striatum (1.0 mm anterior, 2.0 mm lateral of Bregma and 2.5 mm 
below pia). A volume of 1 μl virus (at each injection site) diluted to a titre 
of 1012–1013 genomic copies per ml was manually injected into the left 
ventral striatum and into the right dorsal striatum. The injection rate 
was about 0.1 μl min–1, and the glass pipette was left for an additional 
10 min after injection. Optical cannulas (400 μm in diameter, Doric) 
were implanted immediately after virus injection in the left ventral 
striatum (1.45 mm anterior, 1.4 mm lateral of Bregma and 4.15 mm 
below the pia) and the right dorsal striatum (1.0 mm anterior, 2.0 mm 
lateral of Bregma and 2.35 mm below the pia) and fixed to the skull 
with adhesive cement containing charcoal powder. Mice in both types 
of surgeries were treated for postsurgical pain and were returned to 
home cages after completion of the surgery. Mice were used for experi-
ments starting 5 days (drug infusions) or 20 days (if AAVs were injected) 
and up to 141 days after surgery. Cannula positions were confirmed 
by histology post hoc in 61 (of a total of 71) mice with implanted can-
nulas and are provided in Supplementary Fig. 5. A few mice early in 
the project were euthanized without a histological assessment. For 
histological analyses, mice were perfused using 4% paraformaldehyde 
(PFA) and cannulas were removed. The brains were dissected out and 
kept in 4% PFA until processing. Brains were sliced coronally at 100 μm 



with a vibratome and mounted on glass slides in mounting medium. 
Bright-field and fluorescence images were acquired using an Olympus 
VS120 slide scanner, and cannula positions were determined from the 
cannula track and mapped following anatomical landmarks using the 
Allen Brain Atlas65 as a reference.

AAVs
For measuring dopamine release in brain slices, AAV9-hSyn-GRABDA2m 
(ref. 31) (purchased from WZ Bioscience with permission of Y.L., 
injected at 2–6 × 1012 copies per ml) was injected into the dorsal  
or ventral striatum. To visualize dopamine dynamics in vivo with 
fibre photometry, AAV9-hSyn-GRABDA2m and AAV9-CAG-tdTomato 
(purchased from the Boston Children’s Hospital Viral Core or from 
Addgene, 59462-AAV9, injected at 1–2 × 1012 copies per ml) were 
injected together in the dorsal or ventral striatum. To visualize Ca2+ 
dynamics in dopamine axons, AAV9-CAG-Flex-GCaMP6s66 (purchased 
from Addgene, 100842-AAV9, injected at 2–3 × 1012 copies per ml) and 
AAV9-CAG-tdTomato were injected together into the SNc of mice 
heterozygous for DatIres-cre. To monitor dopamine axon activity and 
dopamine dynamics simultaneously, AAV9-CAG-Flex-GCaMP6s was 
injected into the SNc, and AAV9-hSyn-RdLight1 (ref. 32) (obtained from 
T.P., injected at 2–3 × 1012 copies per ml) was injected into the dorsal 
striatum of mice heterozygous for DatIres-cre.

Slice imaging
Dopamine release in brain slices was measured following previously 
established methods30. AAV9-hSyn-GRABDA2m was injected into the dor-
sal or ventral striatum of mice. At 20–35 days after injection, the mice 
were deeply anaesthetized with isoflurane and decapitated. Parasagit-
tal mouse brain slices containing the striatum (250-μm thick) were cut 
using a vibratome (Leica) in an ice-cold cutting solution containing (in 
mM): 75 NaCl, 2.5 KCl, 7.5 MgSO4, 75 sucrose, 1 NaH2PO4, 12 glucose, 26.2 
NaHCO3, 1 myo-inositol, 3 pyruvic acid and 1 ascorbic acid. Slices were 
then incubated at room temperature in an incubation solution contain-
ing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 12 glucose, 
26.2 NaHCO3, 1 myo-inositol, 3 pyruvic acid and 1 ascorbic acid for at 
least 1 h before use. Imaging was performed in a chamber continuously 
perfused with ACSF containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1.3 
MgSO4, 1 NaH2PO4, 12 glucose and 26.2 NaHCO3 heated to 30–36 °C 
at 2.5–3.0 ml min–1. All solutions were constantly bubbled with 95% 
O2 and 5% CO2, and experiments were completed within 5 h after slic-
ing. Fluorescence imaging was performed using an Olympus BX51 
epi-fluorescence microscope. Fluorescent probes were excited with 
a 470 nm LED, and signals were collected through a ×4 objective and 
digitized with a scientific complementary metal-oxide-semiconductor 
camera (sCMOS, Hamamatsu ORCA-Flash4.0). Dopamine release was 
induced using electrical stimulation applied through a unipolar glass 
pipette (tip diameter of 3–5 μm) filled with ACSF. Electrical stimu-
lation was delivered as a single stimulus, as two stimuli at 1 Hz or as 
10 stimuli at 10 Hz. A biphasic wave (0.25 ms in each phase) was applied 
for stimulation, and stimulation intensity was set to 90 μA. The stimu-
lus was applied with a linear stimulus isolator (A395, World Precision 
Instruments) and controlled with a digitizer (Molecular Devices, Digi-
data 1440A). Responses were acquired at 512 × 512 pixels per frame, 
50 frames per s, with an exposure time of 20 ms. Each pixel represents 
a physical area of 5.4 × 5.4 μm2 (Fig. 1a–d) or 6.4 × 6.4 μm2 (Extended 
Data Fig. 10a–d). For image analyses, regions of interest containing the 
signal in the dorsal or ventral striatum were manually selected in each 
image stack, and the background in each image frame was estimated 
from cortical regions where no sensor was expressed and subtracted. 
For quantification of induced release, F0 was estimated as the average 
fluorescence signal over 0.5 s immediately before stimulation. ΔF/F0 
was calculated for each pixel, and pixels with a ΔF/F0 > 0.02 in response 
to electrical stimulation were considered part of a release event. The 
product of ΔF/F0 and of the area above the ΔF/F0 > 0.02 threshold in each 

frame was calculated to generate plots for quantitative comparison. 
The cut-off of 0.02 was selected based on the background noise level 
in regions with low baseline fluorescence. Example images were gener-
ated by calculating the average ΔF/F0 at 20–100 ms after stimulation 
of the background-subtracted image stack, and the colour range in 
the resulting images was adjusted using identical settings within an 
experiment.

Slice amperometry
Slice amperometry was performed following established methods33,34. 
Parasagittal mouse brain slices were prepared as described in slice 
imaging. Carbon-fibre microelectrodes (CFEs; 7 μm in diameter and 
200–350 μm in length, made from carbon fibre filament, Goodfellow) 
were calibrated before use by puffing freshly made dopamine solutions, 
and a new CFE was used on each day. Amperometry was performed 
in a chamber continuously perfused with ACSF containing (in mM): 
126 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 12 glucose and 26.2 
NaHCO3 heated to 30–35 °C at 2.5–3 ml min–1. The CFE was held at a 
constant voltage of 600 mV and positioned in the dorsal striatum as 
indicated in Extended Data Fig. 1a at one of three locations (near the 
cortex, near the globus pallidus or near the hippocampus). To assess 
TTX sensitivity, recordings were performed before and after the addi-
tion of 1 μM TTX in ACSF (10 min of incubation, no stimulation during 
the incubation time). For genotype comparisons, a RIM control mouse 
and RIM cKODA mouse were used on a single day and slices were inter-
leaved. Signals were acquired using an amplifier (Molecular Devices, 
Multiclamp 700B), low-pass filtered at 400 Hz and digitized (Molecular 
Devices, Digidata 1440A). Electrical stimulation was carried out with an 
ACSF-filled glass pipette (tip diameter of 3–5 μm) and was delivered as a 
single stimulus at 90 μA intensity with a biphasic wave (0.25 ms in each 
phase) every 2 min. The electrode was placed 100–150 μm away from 
the CFE. The peak of the amperometric response generally appeared 
around 10 ms after the electrical stimulus and was quantified in a time 
window that ended around 100 ms after the stimulus. The peak dopa-
mine concentration was calculated based on the CFE calibration. The 
stimulus artefact ended within the first few ms of the electrical stimulus 
and was excluded from the peak analysis.

Analysis of gait
Gait analyses were performed as previously described67. Mice moved in 
a transparent linear corridor that was 64.5 cm long, 4 cm wide and 6 cm 
high with mirrors installed on each side. The corridor was illuminated by 
infrared light, and five trials per mouse per day were recorded for eight 
consecutive days. The bottom view and two side views of mice walking 
were captured simultaneously by a video camera (Bonito CL-400B/C 
2,320 × 700 pixels, Allied Vision) at 200 Hz. The body parts (nose, left 
and right fore paws, left and right hind paws, rear-end and tail tip) were 
tracked in the videos using a convolutional neural network based on 
the stacked hour-glass-network68 trained with 500 manually labelled 
frames. A hidden Markov model was used to segregate individual gait 
cycles. Gait cycles in which body parts were mislabelled or during which 
mice paused or stepped backwards were excluded post hoc during 
manual cross-checking by an experimenter blind to the genotype. 
The following parameters were measured: cadence, the number of 
cycles per second; stride length, the maximum travelled distance of 
a fore paw within a single cycle; fore and hind paw width, the lateral 
distance between the fore paws or the hind paws; velocity, the average 
speed of the centre of the mouse (calculated as the distance between 
the nose and the rear-end along the axis of the corridor) within a single 
gait cycle; tail and rear height, the absolute height of the tail-tip and 
rear-end from the floor; and tail and rear fluctuation, the standard 
deviation of the tail and rear movement (horizontal or vertical). The 
stride length, paw widths, tail and rear heights and fluctuations were 
normalized to the body length. For statistics, gait parameters were 
averaged by cycles and mouse.
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Horizontal bar test
Mice were placed at one end of a wooden bar (3.2 cm in diameter, 
143.8 cm long) positioned 91 cm above the floor. On the first and sec-
ond days, mice were trained to cross the bar 4 times with an interval of 
60 s each day. On the third day, mice were tested for two consecutive 
experimental trials, and the average time used to travel for 80 cm from 
the starting point was used for comparison across mice.

Vertical bar test
A vertical plastic pole (0.83 cm in diameter, 50 cm high) was installed in 
a clean mouse cage. Mice were placed with their heads oriented upwards 
at the top of the pole, and the total time taken for the mouse to turn 
and climb down to the bottom of the pole was measured. Mice were 
trained 4 times with an interval of 60 s each day for 2 days. Two test 
trials were performed on the third day and all tested mice successfully 
descended the vertical pole. The average time of the two trials was used 
for comparison across mice.

Rotarod test
The time the mice can stay on an accelerating rotarod (Harvard Appa-
ratus) was assessed. Mice were trained in 4 daily 60 s sessions for 4 con-
secutive days at a constant speed of 10 r.p.m. on day 1 and of 24 r.p.m. for 
days 2–4. On the fifth day, each mouse was tested in two trials at speeds 
increasing from 5 to 40 r.p.m. at 5 r.p.m., with increments for 60 s at 
each speed. The time the mice were able to stay on the rotarod was 
measured, and the average of the two trials for each mouse was used.

Video tracking during open-field exploration
Experiments were performed following previously established meth-
ods30. Mice were allowed to move freely (between 30 and 90 min 
depending on the experiment) in a round arena (43.1 cm in diameter, 
35.6 cm high) illuminated by a LED (535 nm, 4 μW cm–2 measured at the 
bottom of area), and videography was performed with a CCD camera 
(Flir, BFLY-U3-05S2M-CS) at a frame rate of 50 Hz (Fig. 1l,m,p–t) or 
with a high-sensitivity CMOS camera (Thorlabs, DCC3240N) at 25 Hz 
(other figures). For movement analyses, the snout, left ear, right ear 
and tail base were tracked in videos using DeepLabCut for marker-
less pose estimation69,70 (training network: 50-layer ResNet-50). The 
algorithm was trained after manually labelling a total of >800 frames 
extracted from all videos in each experiment, and frames with tracking 
confidence levels >0.99 were used for analyses. For trajectory plots 
and analyses of distance travelled, the head centre (defined as the 
centre point between the snout and the ears) was used. The position 
of each body part was first smoothed using a moving average with a 
time window that was 60–240 ms long depending on the acquisition 
frame rate. Distance travelled was analysed during the first 30 min of 
videography unless noted otherwise. For the l-DOPA restoration of 
movement in Fig. 3 and Extended Data Fig. 9, the videography (with 
or without fibre photometry) began when spontaneous movement 
in the mice with reserpine-induced bradykinesia started recovering 
(typically 90–120 min after l-DOPA injection), and distance travelled 
was analysed for the 31–60 min videography time window. For move-
ment initiation detection in Fig. 1, instant snout velocity was calculated 
and smoothed using a moving average with a window of 75 ms. Move-
ment initiations were defined as transitions from a low mobility state 
(velocity amplitude <1× s.d. of the mean velocity and 25 mm s–1 for at 
least 400 ms) to a high mobility state (velocity amplitude >1× s.d. of 
the mean velocity and 25 mm s–1 for at least 80 ms). Peak speed was 
extracted from the averaged movement initiations across trials for 
each mouse. Specifically, the maximum value within a time window 
of 0–400 ms was extracted for each mouse and plotted. The duration 
of a movement event was defined as the time during which the speed 
amplitude was above the high mobility state threshold. Peak speed was 
defined as the maximum speed amplitude of a movement event. For the 

frequency plots, all events from an animal that were above a specific 
value for speed or duration were averaged and plotted.

Fibre photometry in freely moving mice
Fibre photometry recordings during locomotion in an open field were 
in essence performed as previously described30. Mice were connected 
to an optic fibre (400 μm diameter, Doric) and then allowed to move 
freely (between 30 and 90 min depending on the experiment) in a round 
arena (43.1 cm in diameter, 35.6 cm high) illuminated by infrared light 
(850 nm, 30 μW cm–2). A custom-built fibre photometry system was 
used30. The detected fluorescence signals were converted to electrical 
signals using silicon photodiodes (SM1PD1A, Thorlabs). Electrical sig-
nals were amplified by photodiode amplifiers (PDA200C, Thorlabs) and 
collected by a multifunction I/O card (PCIe-6321, National Instruments) 
at 10,000 Hz. The channels (470 nm and 565 nm LEDs) were turned on 
in an alternating pattern at 25 Hz, with each channel being active for 
10 ms of the 40 ms period, and the average output of each channel 
during the 10 ms active time window was assessed. In each experiment, 
the light power at the fibre end was adjusted such that the detection 
was in an optimal working range (0.6–1.3 F0 for green fluorophores; 
0.4–0.8 F0 for red fluorophores) before starting the measurements. 
The following light power ranges were used: at 470 nm, 120–160 μW 
for GRABDA, 220–270 μW for GCaMP6s; at 565 nm, 620–670 μW for 
RdLight1, 6–12 μW for tdTomato (Extended Data Fig. 2d–g). Photom-
etry signals and videography were collected simultaneously using a 
TTL control at 25 Hz. During fibre photometry recordings, 200 ms 
light pulses were applied at random time intervals ranging from 100 
to 900 s (565 nm LED light source, 50 μW cm–2 measured at the bot-
tom of the arena) to illuminate the open-field arena, and these light 
pulses were also used to calibrate and confirm correct alignment of 
photometry and videography data. For drug injections, mice were 
removed from the arena by hand and returned after injection without 
interrupting the recording. For analyses, the raw photometry signal F 
was first processed with a low-pass filter at 0.01 Hz to estimate F0, and 
ΔF/F0 was calculated. To compare F0 across conditions, the mean F0 
value of the time window from 40 s to 260 s of each recording session 
was calculated; plots of all F0 values are provided in Supplementary 
Fig. 6. If a mouse underwent multiple recording sessions, the mean 
F0 was calculated from a randomly selected session for F0 compari-
son. For movement analyses, body parts (snout, left ear, right ear 
and tail base) were tracked in videos using DeepLabCut69,70 (training 
network: 50-layer ResNet-50) trained with >800 manually labelled 
frames randomly extracted from all videos within the experiment. 
Only video frames with tracking confidence levels >0.99 were used for 
further analyses, and frames 200 ms before and after the light pulses 
were excluded from the analyses. For each frame, head orientation 
was determined by drawing an axis from the midpoint between the 
two ears and the snout. Snout velocity was calculated for each frame 
using the snout displacement between the previous and subsequent 
frames, and the relative angle of velocity and head orientation was 
then calculated for each time point. For ΔF/F0 polar coordinate plots 
in Figs. 2h and 3f and Extended Data Figs. 3d and 9a, velocity vectors 
and their corresponding ΔF/F0 were calculated for each frame and 
each animal over the course of the videography. Velocities for which 
amplitude and angle appeared less than 4 times during the recording 
were considered rare events and were excluded. The plots were gener-
ated by registering ΔF/F0 onto the corresponding position defined by 
the velocity vectors in polar coordinates. For each animal, the image 
was then downsampled to 51 × 51 (Fig. 2h and Extended Data Fig. 3d) 
or 41 × 41 (Fig. 3f and Extended Data Fig. 9a) pixels, and the final plot 
was generated by averaging images across animals. The shifting of the 
time course in Extended Data Figs. 3d and 9a was done by artificially 
advancing (−80 to −400 ms, 80 ms increments) or delaying (80 to 
400 ms, 80 ms increments) the velocity time course relative to the 
photometry signal followed by generation of polar coordinate plots 



for each shift. For the alignment of photometry signals to movement 
initiation, movement initiation events were defined as a period of rest 
(velocity amplitude <2× s.d. of the mean velocity and 25 mm s–1 for at 
least 400 ms for GRABDA datasets, GCaMP6s and RdLight1 datasets in 
experiments in RIM control and RIM cKODA mice and for reserpine plus 
l-DOPA rescue experiments) followed by a period of motor activity 
(velocity amplitude >2× s.d. of the mean velocity and 25 mm s–1 for at 
least 120 ms for GRABDA datasets, GCaMP6s and RdLight1 datasets in 
RIM control and RIM cKODA mice and for reserpine plus l-DOPA rescue 
with GRABDA experiments in DATIRES-cre mice). For the analysis of left and 
right turns, movement events with velocity angles between 0° and 180° 
(left turns, contralateral to imaging) or between 180° and 360° (right 
turns, ipsilateral to imaging) were grouped together. For movement 
events and corresponding photometry signals, the average baseline 
(40 to 440 ms before movement onset) of all mice within the same 
group was subtracted and heatmaps were generated; for summary time 
course plots, events were averaged. For peak plots, velocity and ΔF/F0 
were averaged across trials for each mouse and the maximum value 
within a predefined time window (0–400 ms for velocity, 0–600 ms 
for GRABDA ΔF/F0 or GCaMP6s ΔF/F0 or RdLight1 ΔF/F0) was extracted 
for each mouse, averaged and plotted. For Extended Data Fig. 5c, 
cross-correlation was performed between GCaMP6s and RdLight1 
with RdLight1 as the reference signal. For Extended Data Fig. 5f, the area 
under the curve was integrated from 0 to 600 ms. The regression was 
calculated using events with a GCaMP6s area between −4 and 8 ΔF/F0 × s.

Food-CPP
Food-CPP was assessed by adapting a previously described method71. 
Mice were habituated to handling for 3 days before food-CPP; on each 
day, each mouse was hand-held for 10 min. The custom-built CPP arena 
had three compartments: two side compartments (20 × 20 × 20 cm3) 
and a smaller middle compartment (20 × 10 × 10 cm3). The compart-
ments were connected by small, semicircular openings (10 cm in 
diameter). The two side compartments had distinct floors and colour 
patterns on walls. The CPP arena was illuminated by LED light sources 
(white light, 1.7–2 μW cm–2 measured at the floor each compartment, 
and infrared light, 850 nm, 13–17 μW cm–2 measured at the floor each 
compartment) and a camera was mounted on top. On day 1, the mouse 
was placed in the CPP arena in one of the side rooms and the mouse 
explored the CPP arena for 20 min. The compartment that was less 
preferred on day 1 was used as the food compartment on the subse-
quent days. On day 2 (conditioning), the mouse was first confined to 
the preferred compartment for 15 min. The mouse was then placed in 
the less-preferred compartment with scattered chocolate food pel-
lets (about 8 g) for 15 min. On day 3 (test), the mouse was allowed to 
explore all three compartments for 20 min. The conditioning-and-test 
cycle of days 2 and 3 was repeated three more times, keeping the food 
compartment the same. For analyses, the snout, left ear, right ear and 
tail base were tracked in videos using DeepLabCut69,70 (training net-
work: 50-layer ResNet-50). The algorithm was trained after manually 
labelling a total of 3,764 frames randomly extracted from all videos 
in the experiment, and only frames with tracking confidence levels 
>0.99 were used for analyses. The centre of the head (defined as the 
centre point between the snout and the ears) was used to determine 
mouse position. The preference for the food-associated compartment 
was quantified as the time spent on the side with food pellets on the 
preceding day. Centre entries were defined as the mouse accessing 
the middle compartment from either of the side rooms and were aver-
aged for each day and each mouse. The heatmaps illustrate the relative 
amount of time a mouse spent at each location in a recording session, 
and the enhanced centre presence reflects mice moving through the 
openings located in the centre. To generate the heatmaps, a local sum 
was generated and blurred using box filtering. The speed of the centre 
entries was calculated using position changes of the head centre for 
each mouse in two consecutive frames.

Two odour discrimination
Mice were placed on a restricted water schedule and were subjected 
to a two odour discrimination task in a custom-built behavioural box 
(32 × 19 × 30 cm3) with a NIDAQ board (National Instruments) to con-
trol tasks as previously established46. Before assessment in the two 
odour discrimination task, mice underwent a shaping period and first 
practiced poking their nose into the left or right reward port to obtain 
a water reward. Mice were then required to poke into the centre port 
(which triggered the delivery of an odour) before entering into a reward 
port. The required duration for a centre poke was gradually increased 
to 100 ms. Mice were subjected to this condition until they completed 
more than 20 valid trials per session in which the duration of the cen-
tre poke was >100 ms and was followed by a poke into one of the side 
ports. After learning this process, mice were subjected to a two odour 
discrimination task72. In the task, mice initiated a trial by poking their 
nose into a centre port. Different odours (odour A or odour B) were 
delivered in a random order using a custom-built olfactometer72. The 
odours (caproic acid and 1-hexanol) were randomly assigned as odour 
A or B for each mouse. Odour delivery lasted until mice left the centre 
port. Mice were required to stay in the centre odour port for >100 ms 
and to then choose the left or right water port depending on the iden-
tity of the presented odour. After poking into a correct water port, a 
drop of water (about 6 μl) was immediately delivered. The minimally 
allowed inter-trial interval (measured after water onset or after any 
type of error) was fixed to 4 s in the first 2 sessions, and then gradually 
increased by 1 s increments per session if the mouse completed >30 tri-
als per session but did not improve in accuracy compared with previous 
sessions. The inter-trial interval was decreased if the mouse completed 
≤30 trials or improved in accuracy. An odour port entry that occurred 
during the inter-trial interval was considered invalid and did not trig-
ger an odour delivery. Mice often make a bout of multiple short pokes 
before triggering an odour delivery. The frequency of odours A and B 
was kept the same (50% each) in the first 2 sessions, and then adjusted 
to prevent a strong choice bias by increasing the frequency of the odour 
delivery that generated less reward (less than half of the other side) 
by 10% increments per session. Once the choice bias was eliminated, 
the odour frequency was changed back to 50% each. The odour port 
assignment (left or right) was held constant for each mouse. Mouse 
behaviour was monitored using infrared break-beam sensors attached 
to the centre odour port and the left and right water ports. Reaction 
time, movement time and trial completion time were quantified in 
the first two sessions of the odour discrimination task. The number 
of centre port pokes and trial initiation time were quantified during 
all of the sessions of the odour discrimination task. Reaction time was 
defined as the duration from odour delivery onset to when a mouse 
exited the odour port. Movement time was defined as the duration 
from when a mouse exited the odour port to when it entered a water 
port. Trial completion time was defined as the sum of reaction time and 
movement time. Trial initiation time was defined as the duration from 
the reward onset to the next entry to the odour port after successful 
trials, and from the water port entry to the next entry to the odour 
port after error trials. Trial initiation time was calculated using the first 
odour port entry regardless of whether it occurred during or after an 
inter-trial interval. Each session lasted for 1 h, and data were collected 
until each mouse achieved >90% accuracy in 2 consecutive sessions.

Probabilistic cue-reward association with fibre photometry in 
head-fixed mice
Photometry imaging in head-fixed mice was performed as previously 
established12,73 with a custom-built fibre photometry system. Blue light 
(473 nm DPSS laser, Opto Engine) and green light (561 nm DPSS laser, 
Opto Engine) were filtered (4.0 optical density, Thorlabs) and coupled 
to an optical fibre patch cord (400 μm, Doric) using a 0.65 NA ×20 objec-
tive lens (Olympus). The patch cord was connected to the implanted 
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fibre to deliver excitation light and to collect fluorescence signals from 
the brain simultaneously. The detected fluorescence signals were 
converted to electrical signals using photodiodes (FDS10X10, Thor-
labs). Electrical signals were amplified by current amplifiers (SR570, 
Stanford Research Systems) and collected by a multifunction I/O card 
(PCIe-6321, National Instruments) at 1,000 Hz. The light power was 
adjusted to a standard range for each sensor measured at the fibre end 
at multiple time points during the training period (473 nm: 90–100 μW 
for GRABDA; 561 nm: 80–90 μW for tdTomato). The mice recovered 
from surgery for 1 week, and were then water-restricted in the cages 
and hand-held for 10 min each on 3 days. During water restriction, the 
weight of each mouse was maintained above 85% of its initial body 
weight. The mice were then habituated to the experimental set up for 
7–20 days; this included free water consumption from a tube and reli-
able water consumption during at least 68 free water trials per day 
when mice were head-fixed was used as a standard to start day 1 of 
the cue-reward association experiments. The mice were then trained 
with odour-based cue-reward association trials and unexpected free 
water trials for days 1–20 of the training phase. Mice were offered a 
constant volume (about 6 μl) of water in rewarded trials and in the 
free water trials. Each association trial began with an odour cue (for 
1 s) delivered using a custom olfactometer72, followed by a 2 s delay 
and then an outcome (water or no-water) was delivered. Each odour 
was dissolved in mineral oil at 1:10 dilution, and 30 μl of diluted odour 
solution was applied to the syringe filter (2.7 μm pore, 13 mm, What-
man, 6823-1327). Odorized air was further diluted in filtered air at 1:8 to 
produce air flow at 900 ml min–1 flow rate. Three chemicals, 1-butanol, 
caproic acid and isoamyl acetate, were used as odour cues and were 
randomized for association trial types across mice, but constant for 
the same mouse. Three association trial types were used: odour 1 pre-
dicting 100% chance of a water reward from day 1 to day 7 and an 80% 
chance from day 8 to day 20; odour 2 predicting a 40% chance of a 
water reward from day 1 to day 20; and odour 3 predicting 0% chance 
of a water reward from day 1 to day 20. Odour trials and free water tri-
als were given in a block structure with each block containing 17 trials. 
Within each block, trials were pseudo-randomized, and free water trials 
accounted for 11.8% (2 out of 17 trials) of all trials, whereas odour trials 
constituted 29.4% (5 out of 17 trials) for each odour. A variable inter-trial 
interval drawn from an exponential distribution (10–20 s, average 13 s) 
was used between trials, resulting in a flat hazard function. On each 
day, mice were run through 6 blocks of 102 trials from day 1 to 7, and 
10 blocks of 170 trials from day 8 to 20 or until they stopped collecting 
water through licking. Fibre photometry was used to record GRABDA 
signals in ventral striatum on odd days (1, 3, … 19) and in the dorsal 
striatum on even days (2, 4, … 20). Trials were controlled through a 
NIDAQ board and were programmed using Labview. Licking from a 
waterspout was detected with a photoelectric sensor that generated 
a voltage change when the light path was blocked. The timing of each 
lick was detected at the peak of the voltage signal above a minimum 
and below a maximum threshold. Behaviour and photometry signals 
were analysed on each training day, and day 1 (early training) and day 17 
(matured performance in RIM control mice) were used for display in 
figures and related statistical analyses. In all trials (odour trials and free 
water trials), the lick rate was calculated as the moving average over a 
200-ms time window. In free water trials, the GRABDA peak was calcu-
lated using the maximum value in a time window of 0.2–1.2 s after water 
delivery. Peak licks were calculated using the maximum lick rate within 
the first second of water delivery. Mean delayed licks were calculated 
using the average lick rate within 1–3 s after water delivery. In odour 
trials, anticipatory licks were defined as total licks during the 2 s delay 
period between odour cue delivery and the water/no-water delivery 
time point. Peak reward licks for odour trials were defined as peak licks 
within the first second of water delivery. Average GRABDA responses 
in Fig. 5j–l and Extended Data Fig. 10m–q were calculated using the 
mean value within a defined time window for each condition (within 

0–3 s after odour onset for odour response, within 0.2–1.2 s after out-
come onset for reward responses, within 1.5–2.5 s after outcome onset 
for omission responses). To compare F0, the raw photometry signal 
was processed with a low-pass filter at 0.01 Hz and the mean F0 value 
of the time window from 40 s to 260 s of each recording session was  
calculated.

Statistics and reproducibility
Data are shown as the mean ± s.e.m. with *P < 0.05, **P < 0.01, 
***P < 0.001. Data were collected using HCImage (v.4.2.6.1), Point Grey 
FlyCap (v.2.13.3.61), Bonito CL-400B/C, ThorCam (v.3.6.0.6), Matlab 
(v.R2020b) or Labview 2018, and analysed using Matlab (v.R2020b) or 
DeepLabCut (v.2.2). Data were plotted using Matlab (MathWorks) and/
or Prism (GraphPad). Sample sizes for each plot are provided in each 
figure legend; sample sizes were determined based on previous studies 
and are similar to studies published in the field12,30,46,60,74. Because of 
limited sample size and frequent non-Gaussian data distributions, non-
parametric tests were used for statistical analyses whenever possible. 
For two-group comparisons, two-sided Mann–Whitney rank-sum tests 
were used for slice GRABDA imaging, slice amperometry, gait analyses, 
horizontal bar tests, vertical bar tests, movement before and after 
drug infusions in the dorsal striatum, analyses of movement and pho-
tometry data in open-field arenas (ΔF/F0 variation of s.d. of GRABDA 
and GCaMP6s; cross-correlation of GCaMP6s and RdLight1 in a time 
window of −200 ms to 200 ms; F0 of GRABDA, GCaMP6s, RdLight1 and 
tdTomato; peak GRABDA; peak velocity of movement initiations), centre 
entry speed in food-CPP, two odour discrimination tasks, and analyses 
of licks and GRABDA data on days 1 and 17 of cue-reward association 
experiments. For comparisons of more than two groups, Kruskal–
Wallis analysis of variance was used for distance travelled in baseline 
and reserpine plus l-DOPA compared with reserpine, GRABDA ΔF/F0 
variation in reserpine or reserpine plus l-DOPA experiments, and F0 
of GRABDA and tdTomato. Repeated measures two-way ANOVA tests 
(sphericity not assumed, Geisser–Greenhouse correction) were used 
for rotarod experiments, movement initiation frequency analyses, 
time in the food-associated chamber and centre crossing frequency in 
food-CPP, and anticipatory licks in cue-reward associations. Two-way 
ANOVA was used for apomorphine-induced rotations after 6-OHDA 
dopamine denervation. In photometry experiments, the tdTomato 
signal was acquired for visual exclusion of movement artefacts, but 
the signal was not included for statistical comparisons. The specific 
statistical tests used are described in each figure legend, P value ranges 
are shown in each figure and exact P values are tabulated in Supple-
mentary Table 1.

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

Data availability
Data points generated for this study are included in the figures when-
ever possible. Tabulated data for all figures are available at Zenodo 
(https://doi.org/10.5281/zenodo.13329864)75. Additional data are avail-
able from the corresponding author upon request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Slice amperometry in dorsal striatum and additional 
movement analyses of RIM cKODA mice. a, Schematic of slice amperometry  
in subareas of the dorsal striatum. b,c, Example traces (b) and quantification  
(c) of peak amplitudes of dopamine release evoked by electrical stimulation 
before and after 1 μM tetrodotoxin (TTX), 16 slices from 4 mice. d,e, Example 
traces (d) and quantification (e) of peak amplitudes as in b and c, RIM control 9 
slices from 4 mice, RIM cKODA 10/4. f–i, As d,e, but in the other subareas shown in 
a, RIM control 10/4, RIM cKODA 10/4. j–t, Quantification of parameters of gait, 
RIM control 1122 cycles from 10 mice, RIM cKODA 1206/10. u–z, Schematics 
(u,w,y) and analyses (v,x,z) of horizontal bar, vertical bar and rotarod (after four 
days of training) tests, RIM control 7 mice, RIM cKODA 7. aa,ab, Representative 
trajectories (aa) and quantification of distance travelled in 30 min (ab) before 

(day 1) and after i.p. injection of PBS (day 2) and DMSO (day 4), RIM control 4, 
RIM cKODA 3. ac,ad, Schematic (ac) of unilateral 6-OHDA lesions followed by 
analyses of rotations before and after i.p. injection of the D1 and D2 receptor 
agonist apomorphine in 6-OHDA pre-treated mice (1 mg/kg) and quantification 
of net contralateral rotations (ad), RIM control 6, RIM cKODA 6. ae,af, Schematic 
of videography (ae) and analyses of distance travelled in 30 min (af) for the mice 
in Fig. 1p–t, RIM control 13, RIM cKODA 14. Some of the data are from the baseline 
condition shown in Fig. 1m and these data points are replotted here. Data are 
mean ± SEM; *** p < 0.001, assessed by: two-sided Mann-Whitney rank-sum  
tests for c, e, g, i, j–r, v, x, af; two-way ANOVA for z, ad; and Kruskal-Wallis 
analysis of variance with post-hoc Dunn’s tests for ab. For videos of gait, see 
Supplementary Video 1.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Pharmacological inhibition of locomotion by drug 
infusion and assessment of excitation power output. a, Schematic of 
assessment of movement with bilateral drug infusion in dorsal striatum.  
b,c, Representative trajectories (b) and quantification of total distance 
traveled in 15 min (c) before and after local infusion of ACSF or D1 (SCH23390, 
20 μM, 1 μl for each site) and D2 (haloperidol, 40 μM, 1 μl for each site)  
receptor antagonists, 4 mice. d,e, Example traces (d) and quantification (e)  
of fluorescence variation quantified as standard deviation (SD) of ΔF/F0 of 
GRABDA fluorescence at variable output power in freely moving mice, 7 mice.  

f, g, As in d,e, but for tdTomato, 7 mice; d–g reveal that ΔF/F0 variation is similar 
across excitation output powers. h, Schematic of the measurement of dopamine 
dynamics in freely moving mice. Fibre photometry and drug delivery were in 
the right dorsal striatum with an optofluid cannula. i–l, Example traces (i,j)  
and quantification of the variation of ΔF/F0 of GRABDA (k) and of tdTomato (l) 
fluorescence before and after local infusion of the sodium channel blocker TTX 
(500 nM, 1 μl), 6 mice. Data are mean ± SEM; * p < 0.05, ** p < 0.01, assessed by 
two-sided Mann-Whitney rank-sum tests for c, k; Kruskal-Wallis analysis of 
variance with post-hoc Dunn’s tests were used for e, g.
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Extended Data Fig. 3 | Haloperidol injection and additional analyses of 
GRABDA dynamics in RIM cKODA mice. a–c, Example traces (a) and quantification 
of the variation of ΔF/F0 of GRABDA (b) and of tdTomato (c) fluorescence before 
and after i.p. injection of the D2 receptor antagonist haloperidol (2 mg/kg), 
RIM control 5 mice, RIM cKODA 5. d, Average GRABDA and tdTomato signals 
registered to the artificially shifted instantaneous velocity plotted in polar 
coordinates for the experiment shown in Fig. 2g,h. The shifting of the velocity 
time course to earlier or later time points relative to the photometry illustrates 
that the GRABDA fluorescence signal peaks after the velocity and suggests that 
dopamine signalling tracks the velocity time course, RIM control 5, RIM cKODA 5. 

e, Analyses of distance traveled for the experiment shown in Fig. 2, n as in a–c.  
f, Quantification of tdTomato fluorescence during contralateral movement 
initiations shown in Fig. 2i,j, event heatmaps are sorted by the order of the 
corresponding velocity signals in Fig. 2i, RIM control 354 events from 5 mice, 
RIM cKODA 455/5. g–i, Quantification of time courses of velocity amplitudes (g), 
and of GRABDA (h) and tdTomato (i) fluorescence changes during ipsilateral 
movement initiations (right turns, velocity angles between 180° and 360°). 
Event heatmaps were sorted by the peak velocity amplitude in g, RIM control 
405/5, RIM cKODA 469/5. Data are mean ± SEM; ** p < 0.01, assessed by two-sided 
Mann-Whitney rank-sum tests for b, e.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | In vivo GCaMP6s fluctuations in RIM cKODA mice.  
a, Strategy for dual-colour fibre photometry of dopamine axonal GCaMP6s  
and tdTomato. b,c, Example traces (b) and quantification (c) of fluorescence 
variation as SD of ΔF/F0 of GCaMP6s and of tdTomato in freely moving mice, 
RIM control 6 mice, RIM cKODA 6. d–f, Example traces (d) and quantification  
of fluorescence variation as SD of ΔF/F0 of GCaMP6s (e) and of tdTomato (f) 
before and after i.p. injection of the D1 and D2 receptor agonist apomorphine 
(1 mg/kg). The suppression of GCaMP6s fluorescence changes by apomorphine 
indicates that GCaMP6s fluorescence changes reflect activity-dependent 
depolarizations of dopamine axons that are inhibited by D2 auto-receptors,  
n as in b,c. g–i, Time course of fluorescence in individual trials (event heatmaps, 
top) and average data (bottom) for GCaMP6s (g) and tdTomato (h) fluorescence 

aligned to the sensory stimulation (dashed line), and peak GCaMP6s per mouse 
(i). Event heatmaps in g,h were sorted by the peak amplitude in g, RIM control 
93 events from 6 mice, RIM cKODA 93/6. The finding that axonal Ca2+ dynamics 
are not detectably changed in RIM cKODA mice is unexpected given RIMs role  
in targeting CaV2 channels to presynaptic active zones62. It could be due to 
distinct RIM functions in dopamine neuron axons34,62, due to a distinct set of 
Ca2+ channels in dopamine axons30,76, due to compensatory effects in RIM 
cKODA mice because of loss of the D2 auto-receptor feedback77, due to technical 
differences in experiments, or due to Ca2+ entry away from active zones78 and 
not under the control of RIM, which might be enhanced if CaV2 channels are 
mislocalized. Data are mean ± SEM; ** p < 0.01, assessed by two-sided Mann-
Whitney rank-sum tests for c, e, i.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Assessment of dopamine axon GCaMP6s and striatal 
RdLight1 dynamics in RIM cKODA mice. a, Schematic for assessment of 
fluorescence of GCaMP6s expressed in striatal dopamine axons and RdLight1 
expressed in striatal neurons. b,c, Example traces (b) and cross-correlation  
(c) of GCaMP6s and RdLight1 signals, RIM control 4 mice, RIM cKODA 4.  
d,e, Individual (event heatmaps, top) and average (bottom) time courses of 
GCaMP6s (d) and RdLight1 (e) fluorescence aligned to the light flash (dashed 
line). Event heatmaps in d,e were sorted by the peak amplitude in d, RIM control 
204 events from 4 mice, RIM cKODA 202/4. f, Correlation analyses of transients 
in d,e (area under the curve, 0 to 600 ms after stimulation), RIM control 203/4, 
RIM cKODA 198/4. g–i, Individual (event heatmaps, top) and average (bottom) 
time courses of velocity amplitudes (g), and of GCaMP6s (h) and RdLight1 (i) 
fluorescence during contralateral movement initiations. Event heatmaps in g 
were sorted by the peak velocity amplitude, and in h,i by the peak amplitude of 

GCaMP6s in h, RIM control 563/4, RIM cKODA 599/4. j–n, Analyses of peaks from 
d,e, and g–i for each mouse, n as in b,c. There was a strong positive correlation 
in RIM control mice between GCaMP6s and RdLight1 fluctuations that was 
disrupted in RIM cKODA mice (c). Field illuminations induced dopamine axonal 
GCaMP6s transients in both genotypes, but failed to trigger dopamine  
release in RIM cKODA mice (d–f). Axonal Ca2+ dynamics and striatal dopamine 
fluctuations correlated during contralateral turns in RIM control mice. In RIM 
cKODA mice, only Ca2+ transients, not movement-associated dopamine 
transients, were detected (g–i). Together with Extended Data Fig. 4, the data 
suggest that dopamine neuron firing and the underlying regulatory network 
are not strongly disrupted in RIM cKODA mice. Data are mean ± SEM; * p < 0.05, 
*** p < 0.001, assessed by: two-sided Mann-Whitney rank-sum tests for areas 
under the curve in c, j–n.



Extended Data Fig. 6 | Ablating the Ca2+ sensor Syt-1 in dopamine neurons 
does not disrupt in vivo dopamine dynamics or locomotor behaviors.  
a–c, Analyses of motor behaviours as in Extended Data Fig. 1u–z, but for Syt-1 
control and Syt-1 cKODA mice. For dopamine release analyses in Syt-1 cKODA, 
see41. The time spent to cross a horizontal bar (a), to climb down a vertical bar 
(b), or the latency to fall from a rotarod after four days of training (c) are 
quantified, Syt-1 control 10 mice, Syt-1 cKODA 10. d–i, In vivo fibre photometry 
performed as in Fig. 2 and Extended Data Fig. 3, but for Syt-1 cKODA mice with 
example traces (d) and quantification of variation of ΔF/F0 of GRABDA (e) and of 
tdTomato (f) fluorescence before and after i.p. injection of the D2 receptor 
antagonist haloperidol (2 mg/kg), and with individual (event heatmaps, top) 
and average (bottom) time courses of GRABDA (g) and tdTomato (h) fluorescence 
aligned to the sensory stimulation (dashed line) and peak GRABDA per mouse (i). 

Event heatmaps are sorted by the peak GRABDA amplitude in g; Syt-1 control 
200 events from 4 mice, Syt-1 cKODA 200/4. Altogether, knockout of Syt-1 from 
dopamine neurons did not disrupt motor function. Despite the strong 
impairment in dopamine release in brain slices41,79, in vivo dopamine fluctuations 
were maintained, likely due to the remaining release after Syt-1 knockout, 
presumably asynchronous release80, that is detected with in vivo microdialysis 
or in brain slices after dopamine transporter (DAT) blockade (striatum)41, or in 
response to stimulus trains (somatodendritic release)44. Hence, removing the 
fast Ca2+ sensor from dopamine neurons does not suffice to abolish in vivo 
dopamine dynamics and Syt-1 cKODA mice cannot be used to test behavioural 
roles of these dynamics. Data are mean ± SEM; * p < 0.05, assessed by: two-sided 
Mann-Whitney rank-sum test for a, b, e, i; two-way ANOVA for c.
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Extended Data Fig. 7 | Analyses of GRABDA F0 and locomotion after L-DOPA 
treatment in reserpine-depleted mice. a, Schematic of the experiment.  
b,c, Assessment of GRABDA F0 (b) and quantification of distance traveled  
(c, analysed in 900 s bins for the first 900 s and from 950–9950 s) before and 

after i.p. injection of L-DOPA (250 mg/kg L-dopa methyl ester with 25 mg/kg 
carbidopa) in mice treated with reserpine (3 mg/kg reserpine) ~18 h before 
L-DOPA injection, GRABDA F0 is normalized to the first 5 min, 3 mice. Data are 
mean ± SEM.



Extended Data Fig. 8 | Additional analyses L-DOPA treated mice.  
a, Schematic of the experiment. b–d, Example traces (b) and quantification of 
the variation of ΔF/F0 of GRABDA (c) and of tdTomato (d) fluorescence before 
and after i.p. injection of L-DOPA (250 mg/kg L-dopa methyl ester with 25 mg/
kg carbidopa), 5 mice. e–g, Individual (event heatmaps, top) and average 
(bottom) time courses of GRABDA (e) and tdTomato (f) fluorescence aligned to 
the sensory stimulation (dashed line), and peak GRABDA (g) for each mouse, 
before and after i.p. injection of L-DOPA. Data in a–g establish that GRABDA 
fluorescence increases can be detected when L-DOPA is present without 
reserpine depletion, indicating that GRABDA fluorescence is not saturated after 

L-DOPA injection. Event heatmaps in e,f were sorted by the peak GRABDA 
amplitude in e, baseline 136 events from 5 mice, L-DOPA 118/5. h–j, Individual 
(event heatmaps, top) and average (bottom) time courses of GRABDA (h) and 
tdTomato (i) fluorescence aligned to the sensory stimulation (dashed line), and 
peak GRABDA ( j) for each mouse, before and after i.p. injection of reserpine 
(3 mg/kg) and L-DOPA (250 mg/kg L-dopa methyl ester with 25 mg/kg carbidopa). 
Data were recorded during the experiment that is shown in Fig. 3b–j. Event 
heatmaps in h,i were sorted by the GRABDA peak amplitude in h, baseline 393/4, 
reserpine + L-DOPA 223/4. Data are mean ± SEM; * p < 0.05, assessed by 
two-sided Mann-Whitney rank-sum tests in c, g, j.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Additional analyses of GRABDA fluorescence during 
movement initiation in reserpine and L-DOPA treated mice. a, Average 
GRABDA and tdTomato signals registered to the artificially shifted instantaneous 
velocity plotted in polar coordinates before and after i.p. injection of reserpine 
(3 mg/kg) and L-DOPA (250 mg/kg L-dopa methyl ester with 25 mg/kg carbidopa) 
for the experiment shown in Fig. 3b-j, 4 mice. b, Quantification of tdTomato 
fluorescence during contralateral movement initiations shown in Fig. 3g,h, 
event heatmaps are sorted by the order of the corresponding velocity  
signals in Fig. 3g, baseline 316 events from 4 mice, reserpine + L-DOPA 378/4.  
c–e, Individual (event heatmaps, top) and average (bottom) time courses of 
velocity amplitudes (c) and GRABDA (d) and tdTomato (e) fluorescence changes 
during ipsilateral movement initiations (right turns, velocity angles between 
180° and 360°) for the experiment shown in Fig. 3b–j. Event heatmaps  
in c–e were sorted by the peak velocity amplitude in c, baseline 317/4,  

reserpine + L-DOPA 557/4. f–j, Individual (event heatmaps, top) and average 
(bottom) time courses of velocity amplitudes (f), and of GRABDA (g) and 
tdTomato (h) fluorescence during contralateral movement initiations (left turns, 
velocity angles between 0° and 180°), and peak velocity (i) and GRABDA ( j) per 
mouse, for the experiment shown in Fig. 3k–n, RIM control data are replotted 
from Fig. 2j,l. Event heatmaps in f–h were sorted by the peak velocity amplitude 
in f, baseline 385/4, reserpine + L-DOPA 362/4. The observations that L-DOPA 
restored movement in RIM cKODA mice to pre-reserpine levels (f, Fig. 3k–n),  
and that dopamine denervation followed by apomorphine-induction of 
rotations was unaffected (Extended Data Fig. 1ac,ad), indicate that there is no 
strong sensitization of dopamine receptors or dopamine-modulated circuits 
after RIM ablation. Data are mean ± SEM; * p < 0.05, assessed by two-sided 
Mann-Whitney rank-sum tests in i, j.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | GRABDA analyses in ventral striatum and additional 
analyses during the probabilistic cue-reward association task in RIM cKODA 
mice. a, Schematic of slice imaging. b–d, Representative images (b) and 
quantification (c,d) of dopamine release monitored by GRABDA fluorescence  
in slices containing the ventral striatum (dashed lines outline the striatum), 
evoked by a single stimulus (b,c) or 10 stimuli (d, 10 Hz), RIM control 10 slices 
from 4 mice, RIM cKODA 10/4. e,f, Example traces (e) and quantification (f) of 
ventral striatum fluorescence variation quantified as standard deviation (SD) 
of GRABDA and of tdTomato raw fluorescence on day 1 of the task in Fig. 5, RIM 
control 6 mice, RIM cKODA 7. g,h, As in e and f, but for dorsal striatum on day 2,  
n as in e,f. The in vivo deficits are overall similar in dorsal and ventral striatum. 
There might be an enhanced GRABDA signal in ventral striatal brain slices 
compared to dorsal striatum (Fig. 1a–d) in RIM cKODA mice. This was not 
observed with amperometry33, and could be because of differences in the roles 
of RIM, or technical differences in experiments, or because of detection of 

other transmitters by GRABDA, for example norepinephrine for which 
innervation is prominent in ventral but not dorsal striatum31,47,48. i, The number 
of habituation days for the experiment shown in Fig. 5, RIM control 6, RIM 
cKODA 7. j, Number of trials that the mice completed during each training phase. 
For analyses, only completed blocks were used, n as in i. k,l, Anticipatory licks 
(k) and peak licks to expected reward during the 1 s time window from water 
onset (l) for each odor during training days 1 to 7, n as in i. m, Average ventral 
striatum GRABDA odour responses (within 3 s from odor onset), n as in i.  
n–q, Average ventral striatum GRABDA reward responses (n, p, within 201 to 
1200 ms from water onset) and reward omission responses (o, q, within 1501 to 
2500 ms from water onset) for odours 1 (n,o) and 2 (p,q), n as in i. r,s, Total licks 
(r, within 1 to 3000 ms after water onset) and average GRABDA fluorescence  
(s, within 201 to 1200 ms after water onset) for free water, n as in i. Data are 
mean ± SEM; ** p < 0.01, *** p < 0.001, assessed by two-sided Mann-Whitney 
rank-sum tests in c, d, f, h, i, j.
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