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Striatal direct pathway neurons play
leading roles in accelerating rotarod
motor skill learning

Bo Liang,1,2,7 Lifeng Zhang,1,7 Yan Zhang,1 Craig T. Werner,1 Nicholas J. Beacher,1 Alex J. Denman,1 Yun Li,3

Rong Chen,4 Charles R. Gerfen,5 Giovanni Barbera,1,* and Da-Ting Lin1,6,8,*

SUMMARY

Dorsal striatum is important for movement control and motor skill learning. How-
ever, it remains unclear how the spatially and temporally distributed striatal me-
dium spiny neuron (MSN) activity in the direct and indirect pathways (D1 and D2
MSNs, respectively) encodes motor skill learning. Combining miniature fluores-
cence microscopy with an accelerating rotarod procedure, we identified two
distinct MSN subpopulations involved in accelerating rotarod learning. In both
D1 and D2 MSNs, we observed neurons that displayed activity tuned to acceler-
ation during early stages of trials, as well as movement speed during late stages
of trials. We found a distinct evolution trajectory for early-stage neurons during
motor skill learning, with the evolution of D1MSNs correlating strongly with per-
formance improvement. Importantly, optogenetic inhibition of the early-stage
neural activity in D1 MSNs, but not D2 MSNs, impaired accelerating rotarod
learning. Together, this study provides insight into striatal D1 and D2 MSNs en-
coding motor skill learning.

INTRODUCTION

Striatal medium spiny neurons (MSNs) of the direct (D1MSNs) and indirect pathways (D2MSNs) in the basal

ganglia play important yet complex roles in motor behaviors (Barbera et al., 2016; Costa et al., 2004; Cui

et al., 2013;Gritton et al., 2019; Jin et al., 2014; Klaus et al., 2017; Kravitz et al., 2010; Parker et al., 2018; Santos

et al., 2015; Tecuapetla et al., 2014; Yin et al., 2009; Yttri and Dudman, 2016), including motor skill learning

(Costa et al., 2004; Jin et al., 2014; Kupferschmidt et al., 2017; Santos et al., 2015). Increasing evidence (Bar-

bera et al., 2016; Cui et al., 2013; Klaus et al., 2017; Kupferschmidt et al., 2017; Parker et al., 2018) suggests

that the rate of striatal MSN activity, MSN spatiotemporal profiles, and local circuits is crucial to striatal func-

tion. Yet, neural correlates of striatal MSNs over the course of motor skill learning remain to be determined.

Here we asked how the spatially and temporally distributed activity of the direct and indirect pathwayMSNs

are engaged during motor skill learning. We employed a miniature fluorescence microscope system to re-

cord in vivo calcium activity fromMSNs in the dorsal striatum longitudinally while mice trained on the accel-

erating rotarod task.We identified two subpopulations in both direct and indirect pathwayMSNs: ‘‘intratrial

early-stage’’ neurons that displayed an elevated activity early in each trial and was negatively and non-lin-

early correlated with rotarod speed, and ‘‘intratrial late-stage’’ neurons that displayed activity positively

and linearly tuned to rotarod speed. Importantly, the evolution of intratrial early-stage neurons in D1

MSNs was better correlated with the improvement in rotarod task performance, indicating a more promi-

nent role for D1 MSNs in motor skill learning. We also found that optogenetic inhibition of the early-stage

activity of D1, but notD2,MSNs impaired accelerating rotarodmotor skill learning. Together, this study pro-

vides insight into differential engagement of D1 and D2 MSNs in motor skill learning.

RESULTS

Neural correlates of motor skill learning in D1 and D2 MSNs

The striatum is important for motor skill learning, and thought to guide movement by outputting to motor

thalamus topographically via the GPi ‘‘direct’’ pathway, comprising of MSNs expressing dopamine D1 re-

ceptors (D1 MSNs) (Gerfen et al., 1990), or the GPe ‘‘indirect’’ pathway, comprising of MSNs expressing

dopamine D2 receptors (D2 MSNs) (Gerfen et al., 1990). To understand the role of striatal D1 and D2
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Figure 1. Engagements of D1 and D2 MSNs in dorsal striatum over two-week rotarod training

(A) Left: schematic of GRIN lens implanted in dorsal striatum; right: rotarod motor skill learning task while the mouse carries a miniature microscope for

calcium imaging.

(B) Left: representative maximum projection calcium image of D2 MSNs labeled with GCaMP6s from a D2-Cre mouse; middle: regions of interest of cells

detected using the CaImAn method; right: representative calcium traces from 21 regions of interest (color-matched with the left ROIs).

(C) Top: experimental timeline; bottom: latency to fall off the rotarod over two-week rotarod training (n = 15 mice). Red and blue dots: the first and last trial in

each session.

(D) Cell footprints and calcium traces of 10 trials from three representative cells in three sessions.

(E) Raster plots of average calcium activity of all neurons from all mice during each trial over eight sessions. For each trial, calcium traces were aligned to the

onset of rotarod acceleration. Top: average calcium activity of D1-Cre mice (n = 9); bottom: average calcium activity of D2-Cre mice (n = 6).
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MSNs in motor skill learning, we combined the accelerating rotarod motor skill learning procedure (Jones

and Roberts, 1968; Lalonde et al., 1995) with miniScope calcium imaging (Barbera et al., 2016; Zhang et al.,

2019) (Figures 1A and 1B; Figures S1 and S2; STAR Methods). We trained and imaged mice for 10 trials per

session, every day, for a total of eight training sessions (Figure 1C; Video S1). Evidenced by a longer latency

to fall, mice displayed fast learning in session 1, slow learning from session 2 to 5, and stable performance

from session 6 to 8 (Figure 1C; see all statistical results in Table S1). We extracted calcium traces of individ-

ual neurons in each session (Figure 1D; STARmethods) (Giovannucci et al., 2019; Pnevmatikakis et al., 2016;

Zhou et al., 2018), and registered neurons across days based on the distance and similarity of their spatial

footprints (Figure 1D; Figure S3; STAR methods) (Sheintuch et al., 2017).

We observed that both D1 and D2 MSNs displayed elevated population activity in both the early and late

stages of each trial (Figures 1E and 1G). To study the activity during the early stage of the trial, we aligned

calcium traces to rotarod acceleration onset (Figure 1E). We then calculated average activity in the first 20 s

of each trial (denoted as early-stage). Both D1 and D2 MSNs showed an elevated early-stage activity that

decreased as the trial progressed and the rotarod accelerated (Figure 1F). D1 MSNs displayed the prom-

inent intratrial early-stage activity from session 2 onward (Figure 1F left panel), whereas D2 MSNs showed a

slower progression of an increased intratrial early-stage activity (Figure 1F right panel).

The length of each trial was dependent on the rotarod performance (i.e., latency to fall). To study the activity dur-

ing the late stage of the trial (denoted as late-stage, last 20 s), we aligned calcium traces to the end of each trial

(Figure 1G). In contrast to the increased intratrial early-stage activity across learning, the intratrial late-stage ac-

tivity decreased across learning. In the first session, both D1 and D2 MSNs displayed an increased intratrial

late-stage activity before the end of each trial, with amore prominent D2MSNs increase (Figure 1H). In addition,

the intratrial late-stage activity from D1 MSNs showed a trend of faster decay compared with D2 MSNs across

learning (Figure 1H; Table S1). Together, these results show greater engagement of D1MSNs and slower evolu-

tion ofD2MSNs across accelerating rotarod learning, indicatingdistinct roles ofD1andD2MSNs in accelerating

rotarod motor skill learning.

Intratrial early- and late-stage neurons are distinct subpopulations

Wenextexaminedneural correlatesofacceleratingrotarodmotor skill learningat thesingleneuron level.Wefirst

calculated Spearman’s correlation coefficients between the activity of individual neurons and rotarod speed us-

ing 10-s bins (STARMethods). We identified bothD1 andD2 neurons whose activity was positively or negatively

correlated with rotarod speed (Figure 2A; STAR Methods). We defined these neurons as either intratrial early-

stage neurons (whose activity non-linearly and negatively correlated with rotarod speed within-trials; see Fig-

ure 3A) or intratrial late-stage neurons (whose activity linearly and positively correlated with rotarod speed

within-trials; see Figure 3B). For both D1 and D2 MSNs, the percentage of intratrial late-stage neurons slightly

decreased across training, whereas the percentage of intratrial early-stage neurons increased across training

(Figures 2B and 2C). Importantly, the percentage of intratrial early-stage neurons, but not intratrial late-stage

neurons, correlated with the subject’s behavioral performance across learning in both D1 and D2 MSNs

(Figures 2B and 2C; Table S1). For D1 MSNs, the rate of increase in intratrial early-stage neurons was greater

for D2 MSNs (Table S1), whereas the rates of decrease in intratrial late-stage neurons were similar for D1 and

D2MSNs (Table S1). These results suggest that intratrial early-stageneurons represent neural correlates of accel-

erating rotarod motor skill learning, and that neural correlates with accelerating rotarod motor skill learning

emerge first from D1 MSNs and subsequently from D2 MSNs.

We reasoned that if the intratrial early-stage neurons among D1 and D2 MSNs represent neural correlates

of accelerating rotarod motor skill learning, the evolution of other characteristics of these neurons should

also correlate with the subject’s behavioral performance. First, we evaluated how consistently neurons were

Figure 1. Continued

(F) Plots of the average calcium activity from D1 (left) and D2 mice (right) during the initial 20 s after the onset of rotarod acceleration for all 80 trials. Dots

represent the mean value and traces indicate the curve fitting results using one phase decay.

(G) Raster plots of average calcium activity of all neurons from all mice during each trial over eight sessions. For each trial, calcium traces were aligned to the

end of the trial. Top: average calcium activity of D1-Cre mice (n = 9); Bottom: average calcium activity of D2-Cre mice (n = 6).

(H) Plots of the average calcium activity from D1 (left) and D2 mice (right) during the last 20 s before the end of each trial.

Dots represent the mean value from all mice and traces indicate the curve fitting results using one phase decay.*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001; ns, not significant (p > 0.05). Data points indicate the mean; Error bars indicate SEM.

See also Figures S1–S3 and Table S1.
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Figure 2. Intratrial early- and late-stage neurons belong to distinct subpopulations

(A) Comparisons of intratrial early- and late-stage neurons from a representative mouse at sessions 1, 2, and 8. Top row: raster plots of individual calcium

activity from intratrial early-stage neurons identified during each session; middle row: raster plot of individual calcium activity from intratrial late-stage

neurons identified during each session; bottom row: average calcium traces from all identified intratrial early- (blue traces) and late-stage (red traces)

neurons.

(B) Left: changes in neural numbers for early-stage neurons across eight sessions, from D1-Cre (Green) and D2-Cre (Orange) mice. Traces indicate the curve

fitting results using exponential plateau. Right: correlation coefficients between neuron number changes and behavioral performance (i.e., latency to fall) for

intratrial early-stage neurons. Dots indicate correlation coefficient average from individual mouse, and histogram bars indicate the mean value of all mice.

(C) Left: changes in neural numbers for intratrial late-stage neurons across eight sessions, from D1-Cre (Green) and D2-Cre (Orange) mice. Traces indicate

the curve fitting results using one phase decay. Right: correlation coefficients between neuron number changes and behavioral performance (i.e., latency to
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identified as either intratrial early- or late-stage neurons. We calculated the average trial-to-trial cell over-

lap between any two training sessions (Figure 2D; see STAR Methods). Three types of cell overlap were

calculated: overlap within intratrial early-stage neurons (Figures 2E and 2F), overlap within intratrial late-

stage neurons (Figures 2G and 2H), and overlap between intratrial early- and late-stage neurons (Figures

2I and 2J). Within a given session, for intratrial early-stage neurons, the trial-to-trial cell overlap increased

with training and sustained at�40% in later training sessions (Figures 2E and 2F; Table S1), coinciding with

a plateau in behavioral performance (Figure 1C), whereas the trial-to-trial cell overlap for intratrial late-

stage neurons was maintained near 20% across rotarod training (higher than that predicted by chance; Fig-

ures 2G and 2H). In contrast, the cell overlap between intratrial early- and late-stage neurons was close to

zero and below the chance level under all circumstances (Figures 2I and 2J). These findings suggest that

specific organizational strategies may prevent the recruitment of the same neurons into intratrial early

and late-stage neural populations.

Speed coding in dorsal striatum is stable across rotarod training

We found that activity profiles and evolution patterns of intratrial early- and late-stage neurons were mark-

edly different across rotarod training. We calculated the average calcium activity in 10-s bins of intratrial

early- (Figure 3A) and late-stage neurons (Figure 3B) for all trials of every session. We found similar patterns

for both D1 and D2 MSNs; the intratrial early-stage neuron activity was exponentially related to rotarod

speed and similar across training (Figure 3A right panel), whereas the intratrial late-stage neuron activity

was linearly tuned to the rotarod speed (Figure 3B right panel). Particularly, for the first session, the average

trial activity decreased with training (Figures 3A and 3B left panel) and wasmarkedly higher during session 1

when compared with later sessions (Figures 3A and 3B right panel). This result suggests that striatal coding

of speed and accelerating rotarod motor skill learning is mediated by distinct neural mechanisms.

Striatal activity encodes speed information duringmovement (Gerfen et al., 1990). Therefore, one potential neu-

ralmechanism inaccelerating rotarodmotor skill learning isbetterpredictionof rotarod speed via training,which

would allowmice to remain on the accelerating rotarod for longer durations of time. We tested whether speed

decoding using the activity of D1 andD2MSNs improved across rotarod training.We trainedgradient boosting

machine (GBM; see STARMethods)models using a subset of calcium activity from all detected cells and rotarod

speeddata, and subsequently tested the performance for speeddecodingusing the rest of calcium activity data

(Figure 3C). We evaluated the speed decoding performance by calculating the Pearson’s correlation coefficient

between the observed and predicted speed. We found that the decoding performance using D2 MSN activity

was higher than dthat using D1MSN activity (Figure 3D), likely owing to the relatively higher activity level of D2

MSNs in the accelerating rotarod task (Figures 1F and 1H). Surprisingly, for both D1 and D2 MSNs, the speed

decoding performance was similar across the rotarod training, suggesting that learning on an accelerating ro-

tarod may have a different neural basis from speed monitoring and control in the dorsal striatum.

Intratrial early-stage optogenetic inhibition of D1, but not D2, MSNs activity impaired

accelerating rotarod motor skill learning

Our imaging data revealed that the intratrial early-stage activity of D1 MSNs better correlated with rotarod

performance (Figures 1 and 2). To determine whether the intratrial early-stage activity of D1 MSNs plays a

causal role in accelerating rotarod motor skill learning, we employed optogenetics to specifically inhibit

intratrial early- or late-stage MSN activity in the accelerating rotarod task (da Silva et al., 2018; Panigrahi

Figure 2. Continued

fall) for intratrial late-stage neurons. Dots indicate correlation coefficient average from individual mouse, and histogram bars indicate the mean value of

all mice.

(D) Representative cell maps showing different levels of overlaps between identified neural ensembles. Top: overlap of the intratrial early-stage neural

ensembles identified at two trials in a session, displays an�55% overlapping ratio. Middle: overlap of the intratrial late-stage neural ensembles identified at

two trials in a session, displays an�20% overlapping ratio. Bottom: overlap between intratrial early- and late-stage neural ensembles identified at two trials in

a session, displays an �0% overlapping ratio.

(E and F) Left matrix: trial-to-trial cell overlaps between intratrial early-stage neural ensembles identified at any two sessions for D1 (E) and D2MSNs (F). Right

trace: quantification of the averaged trial-to-trial cell overlaps (solid dots) within each session and those predicted by chance (open dots).

(G and H) Trial-to-trial cell overlap analysis between intratrial late-stage neural ensembles identified at different sessions. All other legends are similar to (E

and F).

(I and J) Trial-to-trial cell overlap analysis between intratrial early- and late-stage neural ensembles identified at different sessions.

All other legends are similar to (E and F). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant (p > 0.05). Error bars indicate SEM.

See also Table S1.
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et al., 2015). To determine if we can inhibit MSN activity using eNpHR3.0, we first developed a dual-LED

miniScope prototype, which allows us to perform combined calcium imaging and eNpHR3.0 inhibition

of MSNs simultaneously in freely moving mice (Figure S4A, STAR Methods). We mixed AAV encoding

Cre-dependent GCaMP7f and AAV encoding Cre-dependent eNpHR3.0-iRFP (Richie et al., 2017) and in-

jected them into the dorsal striatum of either D1- or D2-Cre mice. We then implanted GRIN lens into dorsal

striatum unilaterally, and imaged GCaMP7f in the absence or presence of lime LED turning on (566–569 nm

peak wavelength) that activates eNpHR3.0. Our results showed that compared with lime LED OFF, lime

LED ON resulted in suppression of both D1- and D2-MSN activity (Figures S4B–S4D). Whereas the degree

of inhibition is moderate, likely owing to the low lime LED intensity in this dual LED prototype miniscope

(approximately 60 mW measured at the bottom of miniScope, STAR Methods), these results clearly show

that MSN activity can be inhibited using eNpHR3.0 in vivo.

To inhibit the activity of D1 or D2 MSNs on the accelerating rotarod task, we injected AAV encoding Cre-

dependent eNpHR3.0-EYFP bilaterally into the dorsal striatum of either D1- or D2-Cre mice. We then bilat-

erally implanted optical fibers above the viral injection sites (Figures 4A, S4E and S4F). We then trained

mice in the same accelerating rotarod task (Figure 4B) used for the calcium imaging experiment. For intra-

trial early-stage optogenetic inhibition (Figure 4C), we turned on the 568-nm laser (approximately 10 mW

Figure 3. Speed decoding performance is stable across rotarod training

(A) Left panels: average calcium activity of intratrial early-stage neurons at each trial of the first training session (session 1); right panels: average calcium

activity of intratrial early-stage neurons at each session. Top: D1 MSNs; bottom: D2 MSNs.

(B) Similar to (A), panels show the average calcium activity of intratrial late-stage neurons at each trial of session 1 (left) and across all sessions (right).

(C) Representative examples of the actual and the predicted speed based on the calcium activity during trials of different sessions. Green: D1MSNs; orange:

D2 MSNs.

(D) Correlation coefficients between the actual speed and the predicted speed for D1 (green) and D2 (orange) MSNs. Error bars indicate SEM.

See also Table S1.
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measured at each fiber tip) only in the early stage of a trial (session 1: 90 s; sessions 2–8: 120 s from the trial

acceleration onset) to target the activity of intratrial early-stage neurons. For intratrial late-stage neuron

optogenetic inhibition (Figure 4D), we turned on the 568-nm laser only during the late-stage segment of

a trial (session 1: 90 s; sessions 2–8: 120 s after the trial acceleration onset). Consistently, D1 and D2 control

groups showed similar behavior performance (Figure S4H). The overall inhibition durations were similar

among early and late inhibition groups (Figure S4G). We found that intratrial early-stage optogenetic inhi-

bition of D1, but not D2, MSN activity impaired improvement in acceleratingthe rotarod performance at all

stages of training (Figure 4C; Table S1). Intratrial late-stage optogenetic inhibition of D1 or D2MSN activity

had no effect on improvement in accelerating the rotarod performance (Figure 4D; Table S1). Together, our

optogenetic inhibition experiments suggest that the intratrial early-stage activity of D1 MSNs plays more

prominent roles in the accelerating rotarod motor skill learning. These findings were consistent with results

from our calcium imaging experiments, in which the evolution of intratrial early-stage D1 MSNs is better

correlated with the improvement in accelerating the rotarod performance.

DISCUSSION

Our results from both calcium imaging and optogenetics indicate a leading role of D1MSNs in accelerating

rotarod motor skill learning. From our optogenetic experiments, we note that the mice in which intratrial

early-stage D1 MSNs were inhibited still showed improvement in their performance across trials. Mice

were able to learn the task toward the end of training, but the overall rate of learning was lower compared

with that of the control group (Figure 4). These findings indicate that other neurons in the striatum are likely

involved in rotarod motor skill learning and performance. This interpretation is supported by previous

studies where fast spiking interneurons have been shown to be important for motor control (Gittis et al.,

2011; Gritton et al., 2019), habitual operant behavior (O’Hare et al., 2017), and learning of new behaviors

Figure 4. Optogenetic inhibition of intratrial early-stage D1 MSNs, but not D2 MSNs, impairs rotarod motor skill learning

(A) Schematic of neuron labelling (left) and optical fiber implantation (middle) for optogenetic inhibition experiment. Right histological image shows the

implanted optical fiber track in the dorsal striatum.

(B) Timeline of the optogenetic experiment.

(C) Top: schematic of early inhibition strategy; bottom: rotarod behavioral performance with optogenetic inhibition of D1 (green) or D2 (orange) MSNs

during the early stage of trials.

(D) Similar to (C) but for optogenetic inhibition during the late stage of trials.*p < 0.05; **p < 0.01; ns, not significant (p > 0.05). Error bars indicate SEM.

See also Figure S4 and Table S1.
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(Lee et al., 2017; Martiros et al., 2018; Owen et al., 2018). Neurons in other brain regions may also play

important roles in rotarod motor skill learning. It is also possible that the intratrial early-stage neurons

may be related to somatosensory stimulation associated with postural adjustments and random move-

ments/sensory stimulation (Carelli et al., 1997; Cho and West, 1997; Mittler et al., 1994; Tang et al., 2007,

2009), which decrease naturally when animals are forced to run at a higher speed. Indeed, studies showed

that dorsal striatal D1 and D2 neurons respond to both passive and active stimulation of single body parts

(Coffey et al., 2016, 2017) and have been shown to receive input from somatosensory and motor areas of

cortex (Bolam et al., 2000). As such, it is theorized that the dorsal striatum is modulated by ascending spi-

ral-projection patterns within the limbic system (Haber et al., 2000) and it is likely that somatosensory-

related cues influence learning processes in order to refine cognitively advanced technical aspects of motor

skills. It has also been proposed that neurons in the dorsal striatum exist to refine ongoingmovements (Cof-

fey et al., 2017), and using motor skills necessary to run on an accelerating rotarod involves processing and

recognizing somatosensory cues related to both the initial change in acceleration (intratrial early stage) and

maintenance of speed (intratrial late stage) to achieve success. Therefore, it is likely that both phases of

motor skill practice require synchronous and non-competitive processing in order to promote effective skill

learning.

Our data also support the notion that dorsal striatum plays an important role in monitoring movement

speed. The existence of speed correlated neural activity in the dorsal striatum was reported in several

studies using electrophysiology and calcium imaging methods in MSNs (Barbera et al., 2016; Bartholomew

et al., 2016; Costa et al., 2004; Cui et al., 2013; Kim et al., 2014; Parker et al., 2018; Rueda-Orozco and Robbe,

2015; Sales-Carbonell et al., 2018; Yttri and Dudman, 2016), interneurons (Gritton et al., 2019), and axon

projections from midbrain dopamine neurons (Howe and Dombeck, 2016). Recent works also revealed a

‘‘continuous encoding model’’ (Fobbs et al., 2020) or ‘‘moment-to-moment movement monitoring model’’

(Sales-Carbonell et al., 2018) on the role of striatal activity in relation to movement, consistent with our ob-

servations that striatal D1 and D2 MSNs have heterogeneous relationships to the rotarod speed (Figures 2

and 3). Early in training, there are�10% of D1 andD2MSNs whose activity monotonically increased with the

increasing rotarod speed, subsequently decreased to�5% over extended training, and population activity

also followed a parallel trend of reduction (Figure 2), even though the average intratrial late-stage rotarod

speed increased as the behavior performance improved. These results suggest that for both D1 and D2

MSNs, the intratrial late-stage activity becomes less necessary during well-trained sessions, indicating

that in addition to speed monitoring, the intratrial late-stage activity of D1 and D2 MSNs may also repre-

sent a certain internal state that reflects movement efforts or motivation (Panigrahi et al., 2015; Yttri and

Dudman, 2016). Another possible explanation could be that dorsal striatum receives projections from other

brain regions, such as the cerebellum (Xiao et al., 2018) or midbrain (Howe and Dombeck, 2016; Panigrahi

et al., 2015), which represent movement kinetic information, and learning may lead to a transition from

higher dependency between these brain regions early in training to a regime of autonomous function after

learning is completed. Further investigation of this may require simultaneous recordings of dorsal striatum

and other brain regions that project to the dorsal striatum. It is worth noting that optogenetic inhibition of

the intratrial late-stage activity did not impair the improvement in accelerating rotarod learning (Figure 4).

Given the previous optogenetic inhibition studies (Panigrahi et al., 2015), our data do not necessarily imply

that these intratrial late-stage activities are unnecessary for motor skill learning. More sophisticated

behavior procedures, such as gait or stepping analysis (Cao et al., 2015), may provide more insights into

how D1 and D2 MSNs regulate speed control during motor skill learning.

Several recent studies (Nonomura et al., 2018; Sheng et al., 2019; Shin et al., 2018; Tecuapetla et al., 2014)

suggest that the direct pathway facilitates the intended action and the indirect pathway inhibits the unin-

tended action. For example, Tecuapetla et al. showed that enhancing the activity of D1MSNs sustained the

performance of learned sequences, whereas enhancing the activity of D2 MSNs aborted ongoing perfor-

mance (Tecuapetla et al., 2014). Geddes et al. also demonstrated that stimulation of D1 MSNs selectively

inserts a single action element into an established action sequence, whereas the activation of D2 MSNs re-

moves the ongoing subsequence while leaving the rest of the sequence intact (Geddes et al., 2018). Our

data showed that D1 MSNs engaged early in training, whereas D2 MSN engage gradually across training

(Figures 2 and 4). Our results, together with recent studies discussed above, raise an interesting possibility

that direct pathway MSNs may code learned motor skill, whereas indirect pathway MSNs may prevent un-

intended movement to support the newly learning motor skills. More future experiments will be needed to

test this possibility.
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Limitations of the study

We acknowledge that there are several limitations of our study. First, the acceleration rotarod is a simple

model of motor skill learning, and there aremore complex features of motor skill learning that require more

behaviorally advancedmodels to study. Therefore, it will be important to utilize different behavioral probes

in future studies to better understand a neural activity that underlies finer detailed features of motor skill

learning. Second, optogenetic inhibition of MSNs will not only inhibit the output of MSNs to downstream

basal ganglia targets, but also local circuit effects of these neurons through intra-striatal collaterals (Burke

et al., 2017). However, it is worth noting that D2 MSNs are more likely to form collaterals providing lateral

inhibitions to D1 MSNs than vice versa (Dobbs et al., 2016; Planert et al., 2010; Taverna et al., 2008). In our

optogenetic inhibition results, we only observed impairment of rotarod motor skill learning when we in-

hibited intratrial early-stage D1 MSNs. If the impairment in motor skill learning is through lateral inhibition

from D1 to D2 MSNs (or D2 to D1 MSN inhibition), one would expect rotarod motor skill learning impair-

ment when we inhibited the activity of intratrial early-stage D2 MSNs that we did not observe. Therefore, it

is reasonable to rule out the possible contribution of lateral inhibition from D1 to D2 MSNs, and vice versa,

in our optogenetic results. Third, whereas GCaMP6f has been shown to report single action potentials us-

ing two-photon imaging (Chen et al., 2013), we do not know under our miniScope imaging conditions if we

can reliably observe single action potential. It is possible that most calcium transients we detected mainly

reflect short firing bursts of MSNs, but this technical limitation should not affect the conclusions of this

study. Finally, the use of D2-Cre mice rather than A2A-Cre mice may target a small number of interneurons

among the D2MSNs. FromGritton and colleagues’ study (Gritton et al., 2019), the percentage of observed

Parvalbumin (PV) and Cholinergic (CHI) interneurons could be �3.5% relative to D2 MSNs (assuming the

numbers of D1 and D2 MSNs are similar). It is important to note that in Gritten et al.’s study, PV neurons

display a prolonged calcium activity, which we rarely observed in our D2 calcium imaging data. The number

of CHI neurons is very small relative to that of D2 MSNs. Therefore, we believe that mistargeting the inter-

neurons in D2-Cre mice is unlikely to affect the major conclusions of this study.

Together, our study leveraged miniScope imaging in an accelerating rotarod task to provide new insights

into the roles of dorsal striatum D1 and D2 MSNs in motor skill learning.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Da-Ting Lin (da-ting.lin@nih.gov)

Materials availability

This study did not generate new unique reagents

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code. All custom MATLAB scripts will be available upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were conducted in accordance with the guidelines of Institutional Animal Care and Use

Committee, the Intramural Research Program, National Institute on Drug Abuse, National Institutes of

Health. Transgenic mice expressing Cre recombinase under the control of the dopamine D1 receptor

(D1-Cre, FK150 line, C57BL/6J congenic, Gensat, RRID:MMRRC_036916-UCD) or dopamine D2 receptor

(D2-Cre, ER44 line, C57BL/6J congenic, Gensat, RRID:MMRRC_032108-UCD) were used in the

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV1.CAG.Flex.GCaMP6s.WPRE.SV40 UPenn Vector Core CS0705-3CS

AAV1-EF1a-DIO-eNpHR3.0-EYFP UPenn Vector Core CS1014

AAV1-EF1a-DIO-EYFP UPenn Vector Core CS1012-3CS

Experimental models: Organisms/strains

C57BL/6J congenic, D1-Cre, FK150 line Gensat RRID:MMRRC_0

36916-UCD

C57BL/6J congenic, D2-Cre, ER44 line Gensat RRID:MMRRC_0

32108-UCD

Software and algorithms

Matlab Mathworks http://www.mathworks.com

Graphpad Prism Graphpad https://www.graphpad.com/

CaImAn-Matlab toolbox Giovannucci et al. (2019) https://github.com/flatironinstitute

/CaImAn-

MATLAB

Custom MATLAB scripts for data analysis This work N/A

Other

Miniature microscope for in vivo calcium imaging Barbera et al. (2016);

Zhang et al. (2019)

https://doi.org/10.5281/zenodo.5710817

Dual LED miniScope prototype This work https://zenodo.org/badge/latestdoi/467669999

Automated surgical instrument for GRIN lens

implantation

Liang et al. (2019) https://doi.org/10.5281/zenodo.5710828
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experiments. All mice were male at 3–4 months of age and 25–30 g. All mice were maintained in a regular

light cycle (7:00am–7:00 pm) and provided with food and water ad libitum.

METHOD DETAILS

Virus injection

For calcium imaging experiments, D1-Cre and D2-Cre mice were stereotaxically injected with a Cre-induc-

ible adeno-associated virus (AAV) expressing GCaMP6s (AAV1.CAG.Flex.GCaMP6s. WPRE.SV40; 500 nL;

University of Pennsylvania Vector Core). AAV was injected into the right hemisphere of the dorsal striatum

for each mouse using the target stereotactic coordinates: AP: +0.8 mm, ML: �1.8 mm, DV: -3 mm. Perpen-

dicular injections would cause scar tissue in the corpus callosum, which was difficult to remove during GRIN

lens implantation, and so we chose to inject the virus from cranial surface coordinate of AP: �0.93, ML:

�1.8, with a 30� angle shift caudally, going into with a depth of 3.46 mm. For combined imaging/optoge-

netic inhibition, AAV1. syn.Flex.GCaMP7f (Addgene) was mixed with AAV1.EF1a.DIO.eNpHR3.0-iRFP

(packaged by Vigene) before injection. AAV was injected into the right hemisphere of the dorsal striatum

for each mouse using the target stereotactic coordinates: AP: +0.8 mm, ML:�1.8 mm, DV: -3 mm. Because

perpendicular injection would cause scar tissue in the corpus callosum, which was difficult to remove during

GRIN lens implantation, we chose to inject the virus from cranial surface coordinate of AP:�0.93, ML:�1.8,

with a 30� angle shift caudally, going into with a depth of 3.46 mm. For optogenetic experiments, D1-Cre

and D2-Cre mice were stereotaxically injected with a Cre-inducible AAV carrying Halorhodopsin (AAV1-

EF1a-DIO-eNpHR3.0-EYFP; 1mL/side; University of Pennsylvania Vector Core) or EYFP (control; AAV1-

EF1a-DIO-EYFP; 1mL/side; University of Pennsylvania Vector Core). The AAV was bilaterally injected into

the dorsal striatum for each mouse using the stereotactic coordinates: +0.9 mm A/P, G2 mm M/L, and

�2.7 mm D/V. Before the viral injection, mice were anaesthetized with 2% isoflurane in oxygen at a flow

rate of 0.4 L/min and mounted on a stereotactic frame (Model 962, David Kopf Instruments). Mice body

temperatures were maintained at 37�C using a temperature control system (TCAT-2DF, Physitemp). Sterile

ocular lubricant ointment (Dechra Veterinary Products) was applied to mouse corneas to prevent drying.

Mouse scalp fur was shaved, and mouse skin was cleaned with 7.5% betadine and 70% alcohol. A hole

was drilled at the injection site using a 0.5-mm diameter round burr on a high-speed rotary micro drill

(19007–05, Fine Science Tools). Virus solution was injected at a rate of 25 nL/min using a micro pump

and Micro4 controller (World Precision Instruments). After injection, the injection needle was kept in the

parenchyma for 5 min before being slowly withdrawn. Then skin was sutured. Mice were returned to their

home cage to recover from anesthesia in a 37�C isothermal chamber (Lyon Technologies, Inc).

GRIN lens and optical fiber implantation

For calcium imaging experiments, one or two weeks after AAV injection, a 1-mm diameter GRIN lens

(GRINTECH; NEM-100-25-10-860-S) was directly implanted into the dorsal striatum using similar procedure

as previously described (Barbera et al., 2016). A detailed surgical procedure can be found in our previous

publication (Zhang et al., 2019). In brief, mice were anesthetized with ketamine/xylazine (ketamine:

100 mg/kg and xylazine: 15 mg/kg). A round section of dorsal scalp was excised and a 1.1 mm-diameter

craniotomy was made at the stereotactic coordinates (A/P: +0.9 mm. M/L: +1.8 mm). Before GRIN lens im-

plantation, brain tissue above the dorsal striatum was aspirated using a vacuum through a 30-gauge blunt-

end needle. The needle was attached to a custom-constructed motorized stereotaxic instrument

controlled by a MATLAB-based software (Liang et al., 2019). The GRIN lens was then lowered into dorsal

striatum. Melted agarose (1%, melted in microwave, maintained in 40�C water bath) was applied onto

the skull around the GRIN lens to seal the gap, and the GRIN lens was cemented in place with dental acrylic

(Metabond S380, Parkell).

For optogenetic experiments, following the virus injection (two weeks), optical fibers (200-mm core diameter,

0.39 NA; Thorlabs, FT200EMT), constructed as previously described with minor modifications (da Silva et al.,

2018) were lowered to above virus injection sites (AP: +0.9 mm, M/L: G2 mm, D/V: �2.1 mm) and cemented

in place with dental acrylic (Metabond S380, Parkell). After the implantation surgery, mice were returned to their

home cage to recover from anesthesia in a 37�C isothermal chamber (Lyon Technologies, Inc).

Rotarod tasks

For calcium imaging experiments, we conducted two rotarod tasks using two batches of mice with a stan-

dard mouse rotarod apparatus (Ugo Basile, 47650). D1-Cre (n = 9) and D2-Cre (n = 6) mice were trained in
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an accelerating rotarod task similar to previously described (Yin et al., 2009). Mice were trained in 8 sessions

on alternate days for 15 days in total. For each session, there were 10 trials andmice were allowed to rest for

5 min between trials. The mice initially ran on the rotarod at a speed of 4 resolutions per minute (rpm) for

approximately 10 s. The rotarod then accelerated from 4 to 40 rpms over 5 min for each trial. The trial was

ended if mice fell off the rod, started rotating with the rod, or successfully stayed on rod for the full 300 s.

The behavioral performance (latency to fall) was quantified by the temporal interval between the acceler-

ation onset and the end of the trial (Figure 1B). For optogenetic experiments, mice were trained as

described above for the first calcium imaging experiment.

Calcium imaging using miniature microscope

Miniature fluorescence microscope (miniScope) was used for calcium imaging. Detailed information about

theminiScope can be found in our previous study (Barbera et al., 2016; Liang et al., 2018; Zhang et al., 2019).

Design files and part list can be found in the Github repository (https://github.com/giovannibarbera/

miniscope_v1.0). The miniScope consists of a blue LED (465 nm XLamp XP-E, Cree), a filter set (excitation

filter, ET470/40, Chroma; dichroic mirror, FF495, Semrock; emission filter, EM525/50, Chroma), relay optics

(#83–605, #63–690, Edmund optics) and a CMOS sensor (MT9V022, Onsemi). The miniScope housing was

3D printed (SLArmor Nickel- NanoTool, Proto Labs). The LED power was set to 0.1–0.3 mW at the focal

plane. The image size was 400 3 400 pixels, acquired at a frame rate of 10 Hz.

Three to eight weeks after the GRIN lens implantation, the miniScope with a detachable base was mounted

on the mouse head. MiniScope was held by motorized translation stages (MTS50-Z8, Thorlabs) and low-

ered towards the GRIN lens while acquiring calcium images. After achieving the in-focus position, the

base of the miniScope was cemented in place with dental acrylic (Metabond S380, Parkell), and the main

body of the miniScope was detached from the base. Before calcium imaging experiment, the main body

of the miniScope was re-mounted and secured to the base on the mouse head through a side-locking

screw. Mice were then returned to home cage for 30- minute recovery before the rotarod tasks. Mouse

behavior was also recorded using a color camera (Blackfly, FLIR), which was synchronized with miniScope

recordings using a TTL (Transistor-Transistor Logic) signal from the miniScope controller. Behavior videos

were used to determine the acceleration onset and the end of the trial.

Combined calcium imaging and optogenetics using dual LED miniScope prototype

For the Dual LED miniScope prototype, main imaging path configuration is the same as described above

except that the main dichroic is a dual band (Chroma Technology 590223), on the excitation light path, we

used a dichoric mirror (T495lpxr, Chroma) to combine the blue LED and the lime LED (566–569 nm peak

wavelength, Lumileds). We placed an excitation filter in front of each LED (ET470/403 for blue LED,

ET570/203 for lime LED, both fromChroma). The line LED power measure at the bottom of miniScope pro-

totype was approximately 60 mW.

Optogenetic experiments

Optogenetic inhibition was delivered with a 568-nm laser (Sapphire LP, Coherent). The laser through fiber-

optic cable was coupled with a rotatory joint and a branching fiber-optic patch cord (Doric lens). The laser

power at fiber optics tip of each branch was�10 mW, much higher than the lime LED power (60 mW) used in

the combined calcium imaging and optogenetic experiment described above. We conducted two types of

optogenetic inhibition: early inhibition and late inhibition for D1-Cre andD2-Cremice (four groups in total).

For early-inhibition experiment, the laser was turned on for the early stage of the trial (90 s for session 1 and

120 s for the rest of the sessions) from the acceleration onset. For late-inhibition experiment, the laser was

turned on after the early stage of the trial (90 s for session 1 and 120 s for the rest of the sessions) from the

acceleration onset until the end of the trial.

Immunostaining

At the end of entire experiments, mice were anesthetized with an overdose of ketamine (150 mg/kg) and

xylazine (22.5 mg/kg), perfused with phosphate buffer solution (PBS) first and followed by a fixation buffer

containing 4% paraformaldehyde (PFA) in PBS. Mice brains were dissected and post-fixed with 4% PFA in

PBS overnight at 4�C. Fixed brains were sectioned via a Vibratome (Leica, VT1000S) and 30 mmcoronal brain

slices were collected. Slices were then mounted and counterstained with DAPI (Thermo Fisher Scientific,
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D1306) and covered with coverslip. Fluorescent images were obtained through an Olympus VS120 scanner

and analyzed using ImageJ (NIH).

Calcium image processing

Calcium images were processed and analyzed using scripts in MATLAB (Mathworks). Calcium images were

first stabilized using motion correction toolbox NoRMCorre (Pnevmatikakis and Giovannucci, 2017). Con-

strained non-negative matrix factorization-based calcium image processing toolbox CaImAn-MATLAB

(Giovannucci et al., 2019; Pnevmatikakis et al., 2016; Zhou et al., 2018) was used to extract calcium signals.

We manually added additional seeds as necessary based on the correlation image calculated by the cor-

relation of neighboring pixels of calcium images. For each session, images of 10 trials were concatenated

and temporally sub-sampled to half for calcium signal extraction. The calcium trace (DF/F) was set to zero if

the value was below 33 baseline noise level, and DF/F was then normalized by DF/F/max (DF/F) for further

data analysis. For each session, a global cell map was generated, including all the extracted neurons in that

session, with a neuron denoted as active in one trial if it displayed calcium transient above 33 baseline

noise level. Subsequently the active cell number in each trial of each session was calculated (Figure 1E).

Cell registration across days

To register the spatial footprints of neurons identified across different sessions, the displacement fields of

the correlation image among sessions were first calculated using

MATLAB function (imregdemons) to estimate the shift owing to the remounting of the miniscope and slow

shift between the brain tissue and GRIN lens over time. The displacement fields were then applied to cell

spatial footprints to align the rest of the sessions to the first session. Cell registration toolbox CellReg

(Sheintuch et al., 2017) was then used for cell registration. Both distance model and spatial footprint model

were used. Instead of correlation coefficient as a measurement of spatial footprint similarity (Sheintuch

et al., 2017), cosine similarity was used in our data. Pair-wised cell-cell distance and spatial footprint sim-

ilarity was calculated from all recording sessions of all mice to decide the threshold of whether two cells

in different sessions were the same or not. Psame of 0.5 was used to choose the threshold (Sheintuch

et al., 2017). The cell with the highest spatial footprint similarity was chosen as the cell pair (same cell) if

there were multiple cells that were above the threshold. Cell-to-cell mapping indices were then generated

to indicate the relationship of the cell identity among sessions, which were used in cell overlap analyses in

Figure 2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Cell overlap analysis

Cell overlap was calculated to evaluate the similarity of the different neuron ensembles (i.e., early- and late-

stage neurons in Figure 2) among different trials (or sessions). For within-session cell overlap, trial-to-trial

pairwise cell overlaps (45 pairs) were first calculated using the Sørensen–Dice index: 2$NAXB/(NA + NB),

where NAXB is the cell number of intersect between trial A and trial B, NA is the cell number in trial A and

NB is the cell number in trial B. The degree of overlap predicted by chance (Figures 2E–2J) was calculated

by 2NANB/(N(NA + NB)), where N is the total imaged cell number in trial A and B (Liang et al., 2018). The

average of all trial-to-trial cell overlaps (45 pairs) was then used as the within-session cell overlap for a given

session. Similarly, cross-session cell overlap, trial-to-trial pairwise cell overlaps (100 pairs) were first calcu-

lated using the Sørensen–Dice index and the average of all trial-to-trial cell overlaps (100 pairs) was used as

the cross-session cell overlap for a given session-session pair. And chance-level cross-session overlaps

were also calculated.

Identification of intratrial early- and late-stage neurons in accelerating rotarod task

For each neuron, the activity-speed correlation was calculated using Spearman’s correlation coefficient

(SCC) between the calcium activity and rotarod speed using 10-s bins (100 frames). The calcium activity

was the normalized calcium traces as described in above Calcium image processing section. For each

bin, the activity was the average of the normalized DF/F. A given neuron was identified as intratrial late-

stage neuron if the SCC of activity-speed correlation was significant (p < 0.05) and positive, and a neuron

was identified as intratrial early-stage neuron if the SCC of activity-speed correlation was significant and

negative. The percentage of intratrial late-stage neurons and intratrial early-stage neurons per trial were
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then calculated. For each mouse, Pearson’s correlation coefficient between behavioral performance

(latency to fall) and cell percentage of late-stage (and early- stage) neurons was calculated.

Speed decoding

Gradient boosting machine (GBM) algorithm (Friedman, 2002) was used for speed decoding (Figures 3C

and 3D). GBM was implemented in R with the gbm and plyr packages (https://cran.r-project.org/). GBM

iteratively added basis functions in a greedy fashion to reduce the root mean square loss function. The

base learner was a tree model and parameters were tuned by using internal cross-validation. The GBM

model was evaluated using ten-folder cross-validation. The decoding performance was measured by the

Pearson’s correlation coefficient between predicted value and observed value (Figure 3D).

Statistics

All reported sample numbers represented biological replicates. All data were presented as mean G SEM

unless otherwise specified. In all the figures, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns rep-

resented not significant (p > 0.05). All statistical analyses were performed using Graphpad Prism (Graph-

pad) or MATLAB (Mathworks). Non-parametric tests were used in all statistical analysis except optogenetic

data (Figure 4) where we used a two-way ANOVA with Sidak’s multiple comparisons post-hoc test applied

when appropriate. All tests were two-tailed, and statistical significance was defined as p < 0.05.

Sample size estimation

Our estimates of animal use for in vivo calcium imaging and optogenetic experiment was based on past

experiences and those presented in the literature(Barbera et al., 2016; Klaus et al., 2017; Parker et al., 2018).
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