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ABSTRACT  

Patients with Parkinson’s disease, who lose the dopaminergic projections to the striatum, are 

impaired in certain aspects of motor learning. Recent evidence suggests that, in addition to its 

role in motor performance, the striatum plays a key role in the memory of motor learning. 

Whether Parkinson’s patients have impaired motor memory and whether motor memory is 

modulated by dopamine at the time of initial learning is unknown. To address these questions, 

we measured memory of a learned motor sequence in Parkinson’s patients who were either On or 

Off their dopaminergic medications. We compared them to a group of older and younger 

controls.  Contrary to our predictions, motor memory was not impaired in patients compared to 

older controls, and was not influenced by dopamine state at the time of initial learning. To probe 

post-learning consolidation processes, we also tested whether learning a new sequence shortly 

after learning the initial sequence would interfere with later memory. We found that, in contrast 

to younger adults, neither older adults nor patients were susceptible to this interference. These 

findings suggest that motor memory is preserved in Parkinson’s patients and raise the possibility 

that motor memory in patients is supported by compensatory non-dopamine sensitive 

mechanisms. Furthermore, given the similar performance characteristics observed in the patients 

and older adults and the absence of an effect of dopamine, these results raise the possibility that 

aging and Parkinson’s disease affect motor memory in similar ways. 

 

Keywords: Parkinson’s disease, memory, consolidation, dopamine, motor sequence learning, 

cognition, aging 
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1. INTRODUCTION 

 

It is well established that the striatum and striatal dopamine play a fundamental role in motor 

learning (Doyon et al., 2009a; Graybiel and Grafton, 2015; Yin and Knowlton, 2006). More 

recent evidence also suggests that the striatum – a subcortical structure that is richly innervated 

by dopaminergic neurons – plays a specific role in the memory consolidation phase of human 

motor learning (Debas et al., 2014; Doyon et al., 2003; Perrin and Venance, 2019; Pisani et al., 

2005), but surprisingly little work has been done to establish the exact role that dopamine plays 

in this process. Parkinson’s patients, who lose the dopaminergic projections to the striatum, are 

impaired at certain aspects of motor learning. Recent evidence hints that they have an additional 

impairment in motor memory consolidation, but whether this relates directly to their 

dopaminergic loss is unknown (Dan et al., 2015; Doyon, 2008; Fernandes et al., 2017; Olson et 

al., 2019; Terpening et al., 2013). Meanwhile, if, and how, dopamine supports motor memory is 

of considerable clinical interest. Most patients with Parkinson’s disease, despite best efforts at 

pharmacologic dopamine replacement, spend considerable amounts of time in the low (‘off’) 

dopamine state. Establishing whether dopamine supports long-term memory for motor skills 

would determine whether the consequences to a patient of being in a low or high dopamine state 

actually extend beyond the typically considered short window of medication effect. 

 

Consolidation is generally defined as an active and time-dependent process during which initially 

labile memories are strengthened and rendered resistant to interference (Dudai et al., 2015; 

Walker et al., 2003). In the case of motor memory consolidation, a behavioural hallmark of this 

process is the offline improvement of performance (Fischer et al., 2002; Robertson et al., 2004). 

Multiple lines of evidence using animal models suggest that dopamine plays a role in memory 

consolidation. For example, in rodents, pharmacologic studies have shown that, across different 

forms of memory, manipulating dopamine around the time of the initial learning of a task 

influences memory consolidation for that task (Bethus et al., 2010; McNamara et al., 2014; 

Takeuchi et al., 2016; White et al., 1993). In humans, functional neuroimaging studies have 

provided indirect support for a role of striatal dopamine in motor consolidation by showing that 

changes in striatal BOLD activity during the initial learning are predictive of the off-line 

improvement in performance (Albouy et al., 2015, 2013a; Debas et al., 2010; Pinsard et al., 
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2019). It has also been shown that humans retain a motor skill better if they are provided with 

reward at the time of the initial learning of that skill –a behavioural manipulation thought to 

indirectly engage the dopaminergic system (Abe et al., 2011).  

 

These findings raise the possibility that striatal dopamine loss in Parkinson’s patients may lead to 

impaired motor memory. Aging may also impact memory in Parkinson’s patients. Indeed, older 

adults do not show the offline improvements typically seen in younger adults, though they do 

maintain their performance across a delay, indicating that some aspects of a motor memory are 

nonetheless consolidated (Spencer et al., 2007; Wilson et al., 2012). Though most studies on 

motor learning in Parkinson’s patients have focused on the initial acquisition of a motor skill 

rather than subsequent memory consolidation of that skill (Clark et al., 2014; Hayes et al., 2015; 

Ruitenberg et al., 2015), two recent studies have shown an absence of offline gains in 

Parkinson’s patients, thereby providing preliminary evidence for the presence of impaired motor 

memory consolidation (Dan et al., 2015; Terpening et al., 2013). However, neither of these 

studies manipulated dopamine medications. It therefore remains unknown whether the presence 

of dopamine at the time of initial acquisition of a motor skill plays a specific role in enhancing 

the subsequent memory of that skill. This has implications for understanding whether the motor 

memory deficits of Parkinson’s disease are distinct from those related to aging.  

 

To address these questions, we measured motor memory consolidation in two groups of 

Parkinson’s patients, one tested On and one tested Off dopaminergic medications, and compared 

them to healthy older controls. We also validated our task design in a group of young controls. 

All participants were initially trained to repeatedly tap a 5-element sequence (Doyon, 2008; 

Doyon et al., 2003; Korman et al., 2007; Pinsard et al., 2019). Motor memory consolidation was 

assessed in two ways: 1) we measured the change in performance across a two-day delay, and 2) 

in separate groups of participants, we also measured how these changes were affected by an 

interference manipulation. The interference manipulation consisted of having participants learn a 

second, different sequence two hours after the initial acquisition (Korman et al., 2007), which 

allowed us to probe whether susceptibility to interference is influenced by dopamine state. We 

hypothesized that dopamine at the time of initial acquisition would positively affect the 

consolidation phase of learning and lead to better motor memory at the delayed retest. 
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Specifically, we predicted that patients On dopaminergic medications would exhibit better 

maintenance of performance across the delay and reduced susceptibility to interference 

compared to patients Off medication.  

 

Contrary to our predictions, we found that dopamine state at the time of initial acquisition did not 

influence motor memory maintenance. Overall, memory maintenance in the patients was similar 

to that of older adults and neither group showed offline gains. Interestingly, we also found that, 

unlike the young adults, neither older adults nor patients were susceptible to interference 

conducted two hours after initial learning. These results raise the possibility that motor memory 

in Parkinson’s patients relies on compensatory extra-striatal and non-dopamine-dependent 

mechanisms, and that these mechanisms may be similar to those that explain age-related 

differences in motor memory consolidation.  

 

2. METHODS 

2.1. Participants 

Parkinson’s patients were recruited either from the Center for Parkinson’s Disease and other 

Movement Disorders at the Columbia University Medical Center or from the Michael J Fox 

Foundation Trial Finder website. Fifty-two patients were tested but 4 were excluded: of those, 2 

patients did not meet the inclusion criteria for the task, which are detailed below, and 2 patients 

were excluded due to missing data. The analyses were conducted on 25 patients who were tested 

OFF their dopaminergic medications (PD-OFF; mean + SD age: 62.0 + 7.60, disease duration 6.6 

+ 3.9 years), and 23 patients who were tested ON their dopaminergic medications (PD-ON; mean 

+ SD age: 63.2 + 7.0, disease duration: 6.8 + 3.24 years). All patients were receiving levodopa 

and endorsed levodopa responsiveness. In addition, 9/25 PD-OFF and 10/23 PD-ON were also 

being treated with a dopamine agonist. Participants had to use their non-dominant hand for the 

motor task. In the case of the PD-OFF, the non-dominant hand was also the less affected hand in 

11/25. In the PD-ON it was the less affected in 11/23. Twenty-three healthy older controls were 

also tested (HC; Male 10, mean age 62.2 (SD = 7.52)). Demographic and clinical details are 

provided in Table 1.  
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To establish the validity of the task, thirty-four young controls were also tested (19 males, mean 

age 21.3 (SD = 4.37), 28 right-handed). None had active neurologic or psychiatric disease.  

 

2.2. Medication manipulation 

Parkinson’s disease patients were in the same drug state for both the acquisition phase of the task 

and the delayed memory test (i.e. ON dopaminergic medications for Day 1 and Day 3 or OFF for 

both; Figure 1). Details of the study design are provided below. Patients tested ON took their 

usual dose of medications 1 hour before the start of testing. Patients tested OFF dopaminergic 

medication were instructed to take their last dose the evening before the experiment (average 

time since last dose = 17 hours). We did not manipulate dopaminergic medications during the 

period between the two testing days, patients were told to take their medications as they usually 

do. In particular, we did not manipulate overnight dopaminergic intake (this applies only to 

Night 1; during Night 2, which preceded Day 3, patients were either ON or OFF according to 

their group assignment). As a result, some patients were receiving dopamine replacement during 

the period of sleep of Night 1, either from short-acting medications taken just before bed, or from 

longer-acting dopamine agonists taken in the afternoon or evening. This was the case for a 

similar proportion of patients in each group (11/25 PD-OFF and 12/23 PD-ON; p = 0.8). We 

conducted a supplementary analysis including only participants who did not receive any 

dopamine replacement overnight and showed that the pattern of results is similar to that of the 

full sample (Results). 
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Table 1. Demographic and clinical characteristics of participants retained for analyses.  

Table shows mean (SD). P-value from aANOVA for group differences or bPearson’s Chi-squared test. c 

MoCA = Montreal Cognitive Assessment; c Digit Span total = sum of forward and backward span; 
d UPDRS = Unified Parkinson’s Disease Rating Scale-Part III, tested ON in ON group, and OFF in 

OFF group; f LEED = Levodopa equivalent dosing, includes levodopa, dopamine agonists, 

amantadine, monoamine oxidase inhibitors and catechol-O-methyl transferase inhibitors 

 

2.3. Motor sequence learning task 

Participants performed a computerized version of the motor sequence learning task adapted from 

Karni et al. (1998, 1995). This task has been extensively used to study motor learning 

consolidation and its underlying processes in humans. Participants were trained to tap a 5-

element sequence on a keyboard, as fast and accurately as possible, using 4 keys (F, G, H, J) 

which were labelled 1, 2, 3, 4 respectively. The sequence to learn was 4-1-3-2-4. All participants 

used their non-dominant hand and were instructed to use only 4-fingers, excluding the thumb, 

such that the pinky pressed the 1, the ring finger the 2, the middle finger the 3 and the index the 4 

(in the case of left-hand use). The task consisted of a training phase and of three tests (baseline, 

post-training and post-delay; Figure 1). First, participants completed a baseline test of 

performance where they were given four 30-second trials during which they were required to 

repeatedly generate the entire sequence as many times as possible. Speed and accuracy were both 

 Healthy controls 
(n=23) 

Parkinson’s OFF 
(n=25) 

Parkinson’s ON 
(n=23) p-value 

Age 62.2 (7.52) 62.0 (7.60) 63.2 (7.02) 0.837a 

Sex (male) 10/23 13/25 15/23 0.329b 

Education (years) 17.6 (2.40) 18.9 (2.24) 18.7 (2.76) 0.204a 

MoCA c 28.2 (1.51) 28.4 (1.59) 28.3 (1.73) 0.875a 

Digit Span total d 13.0 (2.07) 12.3 (1.86) 13.2 (1.91) 0.272a 

UPDRS e n/a 25.7 (8.76) 23.2 (7.96) 0.328a 

LEED (mg) f n/a 630 (232) 668 (318) 0.636a 

Disease duration n/a 6.60 (3.93) 6.83 (3.24) 0.829 a 

Right-handed 19/23 18/25 20/23 0.395b 

Used less affected hand n/a 10/25 11/23 0.798b 
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emphasized. The numbers representing the sequence (i.e., “4-1-3-2-4”) remained on the screen at 

all times. Participants had a 30-second break between trials to rest their hand. Then, during the 

training phase, participants were given eight blocks of training during which they were required 

to perform the sequence 20 times. Participants received feedback for correct or incorrect 

performance after each series of 5 keys pressed in the form of a green or red fixation cross. A 

post-training test of performance, identical to the baseline test, immediately followed the 

training. Participants were randomly assigned to one of two conditions: the Interference 

condition or the No Interference condition. In the case of the Interference condition, two hours 

after the end of training, participants were trained to perform a new 5-element sequence 

composed of the same elements but in the reverse order (4-2-3-1-4), following the same 

procedure as the initial training. The two-hour delay was chosen because it has been shown that 

this interval is within a time-window during which the newly acquired motor skill is susceptible 

to interference (Korman et al., 2007). In the No Interference condition, participants stayed in the 

lab for the same amount of time but did not perform any particular task. During the 2-hour delay, 

both groups completed another task which has been reported separately (Sharp et al., 2020). All 

participants returned two days later for a post-delay test following the same procedure as the 

baseline test. The task was implemented using the PsychoPy2 Experiment Builder (v1.82.00) 

(Peirce, 2008, 2007). 
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Figure 1. Schematic of the experimental design and trial sequence. (A) Participants were assigned to 

either the Interference or No interference condition. All groups were first assessed on their baseline 

performance (Baseline test). The test consisted of repeatedly tapping the target sequence ‘4-1-3-2-4’ as 

fast and accurately as possible for 4 trials of 30 seconds. Participants were then trained on the motor 

sequence over 8 blocks of 20 trials and received feedback on their performance. A Post-training test 

immediately followed. Two hours later, the Interference group was trained on a new sequence composed 

of the same elements but in reverse order (‘4-2-3-1-4’) for 8 blocks of 20 trials, whereas participants in the 

No Interference group did not undergo this procedure but remained in the lab for the same amount of 

time. All participants returned to the laboratory two days later and were tested on the original sequence 

(Post-delay test). Each of the three tests followed the same procedure. (B) Trial sequence during the 

training phase: a “Get ready!” screen accompanied by a sound signaled the beginning of a block, 

participants then performed the target sequence, which remained visible on the screen until 5 keys had 

been pressed. Feedback was given in the form of a green fixation cross for correct trials or a red fixation 

cross for incorrect trials. At the end of each block, the screen displayed how many sequences out of 20 

were correctly performed, followed by a 5-second break prior to the next training block.  
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2.4. Analysis 

We excluded data from participants whose mean number of correct sequences per trial on the 

Post-training test was 2 SD away from their group means. We applied this criteria only to post-

training performance because it was used as a baseline to measure memory. As a result, one PD-

ON and one PD-OFF patient were excluded completely. Another 1 HC scored zero on three out 

of the four trials at both the baseline and post-delay tests indicating poor task engagement and 

was thus also excluded. For the remaining participants, single trials from any of the test sessions 

with zero correct sequences were substituted with the average of the trial before and after, 

because it was assumed that these isolated instances reflected misuse of the keys rather than true 

poor performance. The removal of single trials occurred in 7 participants (2 HC, 3 PD-OFF and 2 

PD-ON). If this occurred on more than one trial of the test session but affected only a single test, 

the whole test session was removed from the analysis; this occurred in 2 participants: 1 PD-OFF 

and 1 HC had a single test session removed. The other single instance when a test session was 

removed was when a participant significantly underused the allotted test time (one HC used only 

2 of the 30 seconds allotted for a test trial on a baseline test). The final samples were as follows: 

23 HC, 25 PD-OFF, 23 PD-ON and 34 Young controls.  

 

In keeping with previous approaches to analyzing performance on this task, we computed a 

performance index which considered both accuracy (number of correct sequences performed) 

and duration (performance duration from the first key-press to the last key-press) as our main 

outcome measure used to establish levels of performance at each of the timepoints (Performance 

Index = number of correct sequences / duration * 10) (Dan et al., 2015). Computing a 

performance index allows us to account for the slight variations in the duration of a trial 

(although 30 seconds were allotted for test trials, few-second delays occasionally occurred prior 

to initiation of the first sequence). The performance index also accounts for errors since keys 

pressed in error necessarily reduce the time available to produce a correct key press. We also 

separately performed analyses using number of correct sequences and mean duration of correct 

sequences as outcome measures. These analyses are presented in the Supplementary materials. 
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To confirm that groups did not differ in their baseline performance nor in the magnitude of 

performance improvement derived from training, and groups assigned to the two interference 

conditions did not differ in their baseline performance, we ran a three-way mixed ANOVA on 

the performance index, with test as a within-subject factor, and group and interference condition 

as between-subject factors (Test [Baseline, Post-Training] x Group [HC, ON, OFF] x 

Interference [Int, NoInt]). 

 

Our main analyses focused on examining the differences between groups in the maintenance of 

performance across the delay and in the susceptibility to interference. We ran a three-way mixed 

ANOVA on the performance index derived from the post-training test and the post-delay test, 

with test as a within-subject factor and group and interference condition as between-subject 

factors (Test [Post-Training, Post-Delay] x Group [HC, ON, OFF] x Interference [Int, NoInt]). 

We examined within group differences using two-sample t-tests. We also computed Bayes 

Factors for within group differences. Analyses were conducted in R version 4.0.5 using the ‘ez’ 

and ‘BayesFactor’ packages (Lawrence, 2016; Morey and Rouder, 2018). 

 

3. RESULTS 

3.1. Replication of previous findings in young adults 

First, we validated we were able to replicate the findings typically observed in young adults. 

Specifically, it has been repeatedly shown in healthy young adults that 1) offline gains in 

performance occur over an overnight delay, and 2) that interference administered two hours after 

the initial learning leads to a reduction of offline gains (Doyon et al., 2009b; Korman et al., 

2003; Robertson et al., 2004; Walker et al., 2002). As expected, the young healthy controls 

showed an offline improvement in performance after the two-day delay (mean of change in 

performance index: 0.83 units, 95% CI [0.61, 1.05], t= 8.05, df = 17, p < 0.005). Furthermore, 

we found a trend suggesting that participants who underwent interference after learning showed 

less offline-gains than those who did not (between-condition difference in offline-gains = -0.533, 

95% CI [-0.02, 1.08], t= 2.00, df=20.24, p = 0.059) (Supplemental Figure 1).  

 

3.2. Baseline performance and training gains in older adults and patients 
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Prior to the training, HC, PD-OFF and PD-ON successfully completed 12.9±0.77, 10.8±0.55, 

and 10.8±0.60 sequences during the baseline test, with a corresponding performance index of 

4.47±0.25, 3.93±0.27 and 3.71±0.20, respectively (mean±s.e.m.). Baseline performance was 

comparable across groups (Group [HC, OFF, ON]: F(2, 62)= 0.94, p=0.39) and all three groups 

showed a similar improvement in performance following training (Group [HC, OFF, ON] x Test 

[Baseline, Post-Training]: F(2, 62)= 2.01, p=0.14; Figure 2). We found a similar pattern of 

performance when we examined number of correct sequences and sequence duration as outcome 

measures instead of performance index (Supplementary Figure 1 and 4). 

 

 
Figure 2. Test performance. Performance measured with the Performance index (i.e., number of correct 
sequences/duration * 10) is shown across trials (1-4) for each of the three test sessions (baseline, post-
training and post-delay) for all three groups (HC, PD-OFF and PD-ON). Conditions are presented 
separately: participants that did not undergo the interference (A) and those that did (B). Participants 
across groups and conditions show similar baseline performance, similar improvements from training and 
similar maintenance of performance across the two-day delay. Error bars represent s.e.m. within group 
and trial.  
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3.2. Motor memory consolidation in older adults and patients 

We first hypothesized that the low dopamine state of Parkinson’s disease would affect motor 

memory, and that patients OFF would show worse maintenance of motor memory across the 

two-day delay than healthy controls and patients ON. However, using a repeated-measures 

ANOVA to compare post-training and post-delay performance, we found no group differences in 

the degree of maintenance of memory across the delay (Group [HC, OFF, ON] x Test [Post-

Training, Post-Delay]: F(2, 65)= 0.32, p=0.72). In fact, unlike the young adults, none of the 

groups showed offline gains, and instead the was evidence for a slight decay in memory which 

was significant only in the controls and patients OFF (mean change in performance index: HC -

0.33 units, p=0.06; OFF -0.29 units, p=0.03; ON -0.19 units, p=0.32). We also hypothesized that 

patients OFF medication would show more susceptibility to interference than patients ON and 

healthy controls. However, we found no differences in the maintenance of performance when 

comparing participants who had undergone the interference to participants who hadn’t (Group 

[HC, OFF, ON] x Interference [NoInt, Int] x Test [Post-Training, Post-Delay]: F(2, 65)=1.00, 

p=0.37).  

 

To examine the effects of interference more closely, we examined, within each group, the effect 

of Interference on the degree of performance maintenance across the delay. None of the groups 

showed a difference in motor memory maintenance related to the interference. Specifically, 

memory was not worse in participants who had undergone interference than in participants who 

had not (HC: t= -1.07, p=0.29; PD-OFF: t= -0.05, p=0.95; PD-ON: t=0.95, p=0.35) (Figure 3). 

Because the absence of an effect of interference on memory maintenance in all groups was 

unexpected, and because these within group comparisons were conducted by comparing smaller 

sub-samples, we additionally computed Bayes factors for each t-test to attempt to quantify the 

evidence for the null. In all three groups, the Bayes factor for the t-test examining the effect of 

interference on memory maintenance suggested weak support for the null hypothesis over the 

alternative (BFHC=1.70, BFOFF=2.71, BFON=1.82). 
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Figure 3. Change in performance across the two-day delay and effect of interference. Change in 

performance was calculated as the difference between the mean performance at the Post-Delay test and 

at the Post-Training test. Negative values represent a decay in performance across the delay. There were 

no differences in the degree of maintenance of performance between groups nor was there an effect of 

interference on the maintenance of performance. Error bars represent s.e.m. within group and condition. 

No Int=No interference condition; Int=Interference condition. 

 

A subset of participants was receiving dopamine replacement overnight as part of their regular 

treatment regimen. Though we did not experimentally manipulate overnight dopamine, the 

presence of dopamine during sleep could also influence memory. We therefore conducted 

exploratory analyses to isolate the effect on memory of dopamine during acquisition from the 

effect of dopamine overnight. First, we focused on the subset of participants from each group 

who were not receiving any dopaminergic medications overnight. This allowed us to isolate the 

effect of dopaminergic replacement at the time of acquisition on consolidation. Though this is a 

smaller sample (14/25 PD-OFF and 11/23 PD-ON), the pattern of results is similar to those 

obtained in the full sample:  performance maintenance across the delay was similar between 

groups (Group [OFF, ON] x Test [Post-Training, Post-Delay]: F(1, 21)=2.72, p=0.11). Second, 

to examine the effect of overnight dopamine within each group, we compared patients who were 

receiving overnight dopamine replacement to patients who were not. In patients ON at the time 
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of initial acquisition, overnight dopamine replacement seemed to benefit performance after the 

delay (Overnight dopamine [On, Off] x Test [Post-Training, Post-Delay]: F(1, 21)=4.19, 

p=0.053), but this was not the case in patients OFF (Overnight dopamine [On, Off] x Test [Post-

Training, Post-Delay]: F(1,23)=0.50, p=0.48).  

 

3.3. Effects of aging on motor memory consolidation 

Though the absence of off-line gains in older adults has previously been shown in the literature, 

the effects of interference on motor memory in older adults have been largely under-explored. 

We therefore directly compared the different measures of memory between younger and older 

adults. First, as expected, older adults differed from young adults in the change in performance 

that occurred across the two-day delay (Group [YC, HC] x Test [Post-Training, Post-Delay]: F(1, 

53)=15.20, p=0.0002). The older adults did not show offline gains, but rather maintained their 

performance at a relatively stable level, as reported above. Furthermore, older adults were less 

susceptible to the effects of interference on memory than young adults (Group [YC, HC] x 

Interference [NoInt, Int] x Test [Post-Training, Post-Delay]: F(1, 53)=4.68, p =0.03). As reported 

above, maintenance of performance across the delay was similar in the older adults who 

underwent interference and those who did not, whereas younger adults who underwent 

interference tended to have less offline gains in performance that those who did not. 

 

4. DISCUSSION 

Motor learning consolidation is known to depend on the striatum and, in keeping with 

dopamine’s role in supporting corticostriatal plasticity, has generally been thought to depend on 

dopaminergic inputs to the striatum (for a recent review see Doyon et al., 2018). There is also 

accumulating evidence from the field of declarative memory or hippocampal-dependent learning, 

that dopamine state around the time of initial learning plays a role in the later memory for what 

was learned (Bethus et al., 2010; Chowdhury et al., 2012; Sharp et al., 2020). However, whether 

dopamine at the time of initial learning of a motor skill similarly modulates the later memory for 

that skill, and whether this process is altered in Parkinson’s patients remains unknown. Here, we 

investigated whether Parkinson’s patients have impaired memory of motor learning, and whether 

memory can be facilitated by dopamine replacement at the time of learning. Contrary to our 

predictions, we found that the degree of motor memory impairment was not greater in patients 
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than in older controls, and was not influenced by dopamine state at the time of initial learning.  

Specifically, performance was maintained across a two-day delay in patients to the same extent 

as it was in older controls, yet, in contrast to younger controls, neither the patients nor the older 

controls showed offline gains in performance. To examine the effects of dopamine and disease 

on post-learning consolidation processes that are thought to be occurring in the early hours after 

initial learning, we also used an interference manipulation that has been previously used to probe 

consolidation processes (Korman et al., 2007). Interestingly, though young controls showed the 

expected susceptibility to interference delivered 2 hours after learning, patients On or Off 

dopaminergic medications and older adults did not show a reduction of their memory following 

interference. These findings suggest that motor memory in Parkinson’s disease, which was 

preserved in patients to the same degree as in older adults, is supported by compensatory non-

dopamine sensitive and possibly extra-striatal mechanisms. Furthermore, given the absence of 

susceptibility to interference in both patients and older adults, these findings raise the possibility 

of a shared, age-related mechanism underlying the inability to improve offline.  

 

Consistent with previous work we found that though Parkinson’s patients did not exhibit offline 

gains, they did maintain their motor memory to the same extent as older adults. Our findings 

extend this previous work by additionally showing that dopamine state at the time of initial 

acquisition of the motor skill did not influence memory maintenance, nor the susceptibility to 

interference. These results are surprising considering the well-established link between motor 

memory and striatal activity (Albouy et al., 2013b, 2008; Debas et al., 2014, 2010; King et al., 

2017), and suggests that Parkinson’s patients are, at least to some extent, relying on non-striatal 

and non-dopamine-sensitive compensatory mechanisms for the maintenance of motor memories. 

Recruitment of compensatory processes in Parkinson’s patients has been well described (Appel-

Cresswell et al., 2010; Palmer et al., 2010; Yu et al., 2007). One possible compensatory substrate 

is the cerebellum, which has been proposed as a region that plays a compensatory role for both 

motor and non-motor processes in Parkinson’s disease (Wu & Hallett, 2013). Several functional 

neuroimaging studies in Parkinson’s patients using a variety of motor tasks have demonstrated 

increased task-related activity in the cerebellum (Palmer et al., 2009; Wu and Hallett, 2005; Yu 

et al., 2007) as well as increased functional connectivity of the cerebellum in the setting of 

relatively normal motor performance (Festini et al., 2015; Mentis et al., 2003; Palmer et al., 
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2009; Simioni et al., 2016; Wu et al., 2009). For instance, in Parkinson’s patients OFF 

medication, better motor performance was associated with increased motor-task-related BOLD 

activity in the cerebellum (Palmer et al., 2009) and increased cerebellar-putamen functional 

connectivity (Simioni et al., 2016). No study has specifically investigated the role of the 

cerebellum in the process of motor memory in Parkinson’s patients. However, given evidence 

that it is recruited to a greater degree during execution of simple motor tasks in Parkinson’s 

patients, it is plausible that the cerebellum may also be involved during the initial acquisition of a 

motor skill, which may render the subsequent process of memory independent of the striatum 

and, in the case of Parkinson's disease patients, independent of their dopamine state. Another 

possible substrate for compensatory motor memory is the hippocampus. The hippocampus 

remains relatively spared in the earlier stages of Parkinson’s disease and in patients who are free 

of dementia, as was the case for the patients included in our sample (Hawkes et al., 2010) and 

could therefore potentially be recruited to support motor memory. Indeed, several studies have 

shown that the striatum and the hippocampus both support the consolidation of motor sequence 

memories (Albouy et al., 2013b, 2008), though it has been proposed that they support distinct 

aspects of consolidation on this task (Albouy et al., 2015). 

 

We did not find evidence that dopamine at the time of the initial acquisition of motor learning 

influences the subsequent memory of that learning. Our motivation for choosing to focus on 

dopamine at the time of acquisition was informed by evidence that the degree of involvement of 

the striatum at the time of initial learning predicts offline consolidation and later memory 

(Albouy et al., 2013b, 2008; King et al., 2017). This is also consistent with models of 

corticostriatal plasticity, which propose that dopamine release in the period surrounding 

activation of a synapse influences plasticity (Calabresi et al., 2007; Wickens, 2009). However, 

evidence from the study of episodic, or hippocampal-dependent memory, which also shows a 

clear beneficial effect of dopamine at the time of initial encoding on later memory, specifically 

shows that this effect is tied to the interaction between dopamine and an environmental signal 

such as reward (McNamara et al., 2014; Redondo and Morris, 2011; Sharp et al., 2020; Shohamy 

and Adcock, 2010; Wang et al., 2010). We did not manipulate reward during learning. Thus, it is 

possible that simply restoring dopamine is not sufficient, and that an environmental trigger for 

dopamine release is also necessary for a beneficial effect on memory to occur. Indeed, several 
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recent studies of motor learning, including one that relied on a sequence learning task similar to 

ours (Wächter et al., 2009), have shown that reward can enhance the retention of motor 

memories in healthy controls (Abe et al., 2011; Galea et al., 2015). Future work will be 

necessary to determine whether the combination of reward and dopamine replacement could 

enhance motor memory in Parkinson’s patients, or whether reliance on extra-striatal 

compensatory mechanisms eliminates these potential beneficial effects.  

 

Dopamine state during the early post-encoding period and during overnight sleep may also be 

important but very little research exists to guide hypotheses. Given the 1.5-2-hour half-life of 

levodopa, it is reasonable to assume that patients ON were still ON in the early post-encoding 

period, whereas the patients OFF remained OFF. Given that patients ON and OFF did not differ 

in their memory maintenance, this suggests that dopamine state during the early post-encoding 

period is not a key modulator of subsequent consolidation. Exploratory analyses examining the 

effect of overnight dopamine within each group, comparing patients who were receiving 

dopaminergic medications overnight to those who were not revealed a possible benefit of 

overnight dopamine state on consolidation but only in patients who were also ON at the time of 

initial acquisition, which raises the possibility of an interaction between the neural processes 

underlying the initial learning and those underlying the later consolidation process. Future 

studies specifically manipulating dopamine at the different critical periods of the consolidation 

process are required.  

  

An unexpected finding in our study is the fact that memory maintenance in older adults was not 

susceptible to interference. The older adults therefore differed from the younger adults in two 

key ways: they did not show offline gains, and did not show susceptibility to interference. 

Previous work has similarly demonstrated the absence of offline gains in older adults (Fogel et 

al., 2014; Spencer et al., 2007; Wilson et al., 2012), and has suggested that this age-related 

impairment in consolidation is due to age-related changes in sleep, such as reduced spindles 

(Fogel et al., 2014; Harand et al., 2012; King et al., 2013; Wilson et al., 2012). However, the 

absence of a susceptibility to interference in older adults points to an additional mechanism. 

Specifically, our results suggest that the consolidation processes that usually take place in the 

first few hours following learning – while the memory is still labile, and which are thought to be 
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blocked by interference (Korman et al., 2007; Walker et al., 2003), are either compromised in 

older adults and patients (Korman et al., 2015), or are occurring at a different, possibly later, 

timepoint. Whether the mechanism underlying this change is similar in the patients and the 

controls remains to be determined, but recent evidence showing that corticostriatal networks are 

indeed important even at this early post-learning stage (Censor et al., 2014), and are altered in 

older adults across the consolidation period (Fogel et al., 2014), suggests that the cause of 

disrupted consolidation may be shared. 

 

In conclusion, our findings demonstrate that motor memory in Parkinson’s patients is similar to 

that of older adults in that patients were able to maintain their performance but did not show 

offline gains. Furthermore, we showed that neither patients nor older adults were susceptible to 

an interference manipulation. These similarities suggest that changes in motor memory seen in 

Parkinson’s disease might be explained by age-related mechanisms (King et al., 2013; Korman et 

al., 2015), suggesting a shared neural substrate for motor memory across groups. We also found 

that dopamine at the time of initial learning did not influence later memory for that learning. This 

suggests a reliance on extra-striatal and non-dopamine-sensitive networks for motor memory in 

Parkinson’s patients and, given the similar pattern of performance observed in the patients and 

older adults, could provide clues for identifying the mechanisms that underlie age-related 

changes to motor memory. An important future step will be to leverage neuroimaging to identify 

key compensatory mechanisms and begin to understand the evolution of compensation over the 

course of aging and disease, as well as factors that influence the success of such compensation. 

Future work will also be required to establish, in both healthy aging and Parkinson’s disease, the 

mechanisms that affect memory consolidation across the full timeline of this process, from the 

point of initial learning to delayed retrieval. We found an absence of susceptibility to early 

interference in both the older adults and the patients, suggesting that the process of memory 

transformation is already altered in the first few hours following learning. Sleep alterations, 

believed to contribute to motor consolidation deficits in aging, may represent an even more 

important mechanism in patients (Latreille et al., 2016, 2015). Identifying such factors will be 

important as there is evidence for effective sleep therapies in Parkinson’s patients (Gros et al., 

2016; Kaminska et al., 2018; McCarter et al., 2013) and even recent evidence that dopamine 
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state may impact the relationship between sleep and memory (Feld et al., 2014; Isotalus et al., 

2020). 

 

Declarations of interest: 

None 

 

Acknowledgements 

We thank Rebecca Kahane for help with participant testing, Drs. Roy Alcalay and Cheryl Waters 

for help with patient recruitment, and the participants for their time and interest. This work was 

supported by a pilot award from the Parkinson’s Foundation. MS was supported by Healthy 

brains, Healthy Lives. SL was supported by the Fonds de Recherche du Québec – Santé. 

 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 21

REFERENCES 

Abe, M., Schambra, H., Wassermann, E.M., Luckenbaugh, D., Schweighofer, N., Cohen, L.G., 
2011. Report Reward Improves Long-Term Retention of a Motor Memory through 
Induction of Offline Memory Gains. Curr. Biol. 21, 557–562. 
https://doi.org/10.1016/j.cub.2011.02.030 

Albouy, G., Fogel, S.M., King, B.R., Laventure, S., Benali, H., Karni, A., Carrier, J., Robertson, 
E.M., Doyon, J., 2015. Maintaining vs. enhancing motor sequence memories: respective 
roles of striatal and hippocampal systems. Neuroimage 108, 423–34. 
https://doi.org/10.1016/j.neuroimage.2014.12.049 

Albouy, G., King, B.R., Maquet, P., Doyon, J., 2013a. Hippocampus and striatum: Dynamics 
and interaction during acquisition and sleep-related motor sequence memory consolidation. 
Hippocampus 23, 985–1004. https://doi.org/10.1002/hipo.22183 

Albouy, G., Sterpenich, V., Balteau, E., Vandewalle, G., Desseilles, M., Dang-Vu, T.T., 
Darsaud, A., Ruby, P., Luppi, P.-H., Degueldre, C., Peigneux, P., Luxen, A., Maquet, P., 
2008. Both the Hippocampus and Striatum Are Involved in Consolidation of Motor 
Sequence Memory. Neuron 58, 261–272. https://doi.org/10.1016/j.neuron.2008.02.008 

Albouy, G., Sterpenich, V., Vandewalle, G., Darsaud, A., Gais, S., Rauchs, G., Desseilles, M., 
Boly, M., Dang-Vu, T.T., Balteau, E., Degueldre, C., Phillips, C., Luxen, A., Maquet, P., 
2013b. Interaction between Hippocampal and Striatal Systems Predicts Subsequent 
Consolidation of Motor Sequence Memory. PLoS One 8, 12–14. 
https://doi.org/10.1371/journal.pone.0059490 

Appel-Cresswell, S., De La Fuente-Fernandez, R., Galley, S., McKeown, M.J., 2010. Imaging of 
compensatory mechanisms in Parkinson’s disease. Curr. Opin. Neurol. 23, 407–412. 
https://doi.org/10.1097/WCO.0b013e32833b6019 

Bethus, I., Tse, D., Morris, R.G.M., 2010. Dopamine and Memory: Modulation of the 
Persistence of Memory for Novel Hippocampal NMDA Receptor-Dependent Paired 
Associates. J. Neurosci. 30, 1610–1618. https://doi.org/10.1523/JNEUROSCI.2721-09.2010 

Calabresi, P., Picconi, B., Tozzi, A., Di Filippo, M., 2007. Dopamine-mediated regulation of 
corticostriatal synaptic plasticity. Trends Neurosci. 30, 211–219. 
https://doi.org/10.1016/j.tins.2007.03.001 

Censor, N., Horovitz, S.G., Cohen, L.G., 2014. Interference with Existing Memories Alters 
Offline Intrinsic Functional Brain Connectivity. Neuron 81, 69–76. 
https://doi.org/10.1016/j.neuron.2013.10.042 

Chowdhury, R., Guitart-Masip, M., Bunzeck, N., Dolan, R.J., Duzel, E., 2012. Dopamine 
Modulates Episodic Memory Persistence in Old Age. J. Neurosci. 32, 14193–14204. 
https://doi.org/10.1523/jneurosci.1278-12.2012 

Clark, G.M., Lum, J.A.G., Ullman, M.T., 2014. A meta-analysis and meta-regression of serial 
reaction time task performance in Parkinson’s disease. Neuropsychology 28, 945–958. 
https://doi.org/10.1037/neu0000121 

Dan, X., King, B.R., Doyon, J., Chan, P., 2015. Motor sequence learning and consolidation in 
unilateral de novo patients with Parkinson’s disease. PLoS One 10, 1–14. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 22

https://doi.org/10.1371/journal.pone.0134291 

Debas, K., Carrier, J., Barakat, M., Marrelec, G., Bellec, P., Tahar, A.H., Karni, A., Ungerleider, 
L.G., Benali, H., Doyon, J., 2014. Off-line consolidation of motor sequence learning results 
in greater integration within a cortico-striatal functional network. Neuroimage 99, 50–58. 
https://doi.org/10.1016/j.neuroimage.2014.05.022 

Debas, K., Carrier, J., Orban, P., Barakat, M., Lungu, O., Vandewalle, G., Tahar, A.H., Bellec, 
P., Karni, A., Ungerleider, L.G., Benali, H., Doyon, J., 2010. Brain plasticity related to the 
consolidation of motor sequence learning and motor adaptation. Proc. Natl. Acad. Sci. 107, 
17839–17844. https://doi.org/10.1073/pnas.1013176107 

Doyon, J., 2008. Motor sequence learning and movement disorders. Curr. Opin. Neurol. 24, 478–
483. https://doi.org/10.1097/WCO.0b013e328304b6a3 

Doyon, J., Bellec, P., Amsel, R., Penhune, V., Monchi, O., Carrier, J., Lehéricy, S., Benali, H., 
2009a. Contributions of the basal ganglia and functionally related brain structures to motor 
learning. Behav. Brain Res. 199, 61–75. https://doi.org/10.1016/j.bbr.2008.11.012 

Doyon, J., Gabitov, E., Vahdat, S., Lungu, O., Boutin, A., 2018. Current issues related to motor 
sequence learning in humans. Curr. Opin. Behav. Sci. 20, 89–97. 
https://doi.org/10.1016/j.cobeha.2017.11.012 

Doyon, J., Korman, M., Morin, A., Dostie, V., Tahar, A.H., Benali, H., Karni, A., Ungerleider, 
L.G., Carrier, J., 2009b. Contribution of night and day sleep vs. simple passage of time to 
the consolidation of motor sequence and visuomotor adaptation learning. Exp. Brain Res. 
195, 15–26. https://doi.org/10.1007/s00221-009-1748-y 

Doyon, J., Penhune, V., Ungerleider, L.G., 2003. Distinct contribution of the cortico-striatal and 
cortico-cerebellar systems to motor skill learning. Neuropsychologia 41, 252–262. 
https://doi.org/10.1016/S0028-3932(02)00158-6 

Dudai, Y., Karni, A., Born, J., 2015. The Consolidation and Transformation of Memory. Neuron 
88, 20–32. https://doi.org/10.1016/j.neuron.2015.09.004 

Feld, G.B., Besedovsky, L., Kaida, K., Münte, T.F., Born, J., 2014. Dopamine D2-like Receptor 
Activation Wipes Out Preferential Consolidation of High over Low Reward Memories 
during Human Sleep. J. Cogn. Neurosci. 26, 2310–2320. 
https://doi.org/10.1162/jocn_a_00629 

Fernandes, H.A., Park, N.W., Almeida, Q.J., 2017. Effects of practice and delays on learning and 
retention of skilled tool use in Parkinson’s disease. Neuropsychologia 96, 230–239. 
https://doi.org/10.1016/j.neuropsychologia.2017.01.020 

Festini, S.B., Bernard, J.A., Kwak, Y., Peltier, S., Bohnen, N.I., Müller, M.L.T.M., Dayalu, P., 
Seidler, R.D., 2015. Altered cerebellar connectivity in parkinson’s patients ON and OFF L-
DOPA medication. Front. Hum. Neurosci. 9, 1–13. 
https://doi.org/10.3389/fnhum.2015.00214 

Fischer, S., Hallschmid, M., Elsner, A.L., Born, J., 2002. Sleep forms memory for finger skills. 
Proc. Natl. Acad. Sci. U. S. A. 99, 11987–91. https://doi.org/10.1073/pnas.182178199 

Fogel, S.M., Albouy, G., Vien, C., Popovicci, R., King, B.R., Hoge, R., Jbabdi, S., Benali, H., 
Karni, A., Maquet, P., Carrier, J., Doyon, J., 2014. fMRI and sleep correlates of the age-

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 23

related impairment in motor memory consolidation. Hum. Brain Mapp. 35, 3625–3645. 
https://doi.org/10.1002/hbm.22426 

Galea, J.M., Mallia, E., Rothwell, J., Diedrichsen, J., 2015. The dissociable effects of 
punishment and reward on motor learning. Nat. Neurosci. 18, 597–602. 
https://doi.org/10.1038/nn.3956 

Graybiel, A.M., Grafton, S.T., 2015. The Striatum: Where Skills and Habits Meet. Cold Spring 
Harb. Perspect. Biol. 7, a021691. https://doi.org/10.1101/cshperspect.a021691 

Gros, P., Mery, V.P., Lafontaine, A.-L., Robinson, A., Benedetti, A., Kimoff, R.J., Kaminska, 
M., 2016. Obstructive sleep apnea in Parkinson’s disease patients: effect of Sinemet CR 
taken at bedtime. Sleep Breath. 20, 205–212. https://doi.org/10.1007/s11325-015-1208-9 

Harand, C., Bertran, F., Doidy, F., Guénolé, F., Desgranges, B., Eustache, F., Rauchs, G., 2012. 
How aging affects sleep-dependent memory consolidation? Front. Neurol. FEB, 1–6. 
https://doi.org/10.3389/fneur.2012.00008 

Hawkes, C.H., Del Tredici, K., Braak, H., 2010. A timeline for Parkinson’s disease. Park. Relat. 
Disord. 16, 79–84. https://doi.org/10.1016/j.parkreldis.2009.08.007 

Hayes, H.A., Hunsaker, N., Dibble, L.E., 2015. Implicit motor sequence learning in individuals 
with Parkinson disease: A meta-analysis. J. Parkinsons. Dis. 5, 549–560. 
https://doi.org/10.3233/JPD-140441 

Isotalus, H., Carr, W.J., Averill, G.G., Radtke, O., Selwood, J., Williams, R., Ford, E., 
McCullagh, L., McErlane, J., O’Donnell, C., Durant, C., Bartsch, U., Jones, M.W., Muñoz-
Neira, C., Wearn, A.R., Grogan, J.P., Coulthard, E.J., 2020. Dopamine-gated memory 
selection during slow wave sleep. bioRxiv 2020.05.23.112375. 
https://doi.org/10.1101/2020.05.23.112375 

Kaminska, M., Robinson, A., Benedetti, A., Mery, V.P., Lafontaine, A.-L., Gros, P., 2018. 
Change in cognition and other non-motor symptoms with obstructive sleep apnea treatment 
in Parkinson disease. J. Clin. Sleep Med. 14, 819–828. https://doi.org/10.5664/jcsm.7114 

Karni, A., Meyer, G., Jezzard, P., Adams, M.M., Turnert, R., Ungerleider, L.G., 1995. During 
Motor Skill Learning 377, 155–158. 

Karni, A., Meyer, G., Rey-Hipolito, C., Jezzard, P., Adams, M.M., Turner, R., Ungerleider, L.G., 
1998. The acquisition of skilled motor performance: Fast and slow experience-driven 
changes in primary motor cortex. Proc. Natl. Acad. Sci. U. S. A. 95, 861–868. 
https://doi.org/10.1073/pnas.95.3.861 

King, B.R., Fogel, S.M., Albouy, G., Doyon, J., 2013. Neural correlates of the age-related 
changes in motor sequence learning and motor adaptation in older adults. Front. Hum. 
Neurosci. 7, 1–13. https://doi.org/10.3389/fnhum.2013.00142 

King, B.R., Saucier, P., Albouy, G., Fogel, S.M., Rumpf, J.J., Klann, J., Buccino, G., Binkofski, 
F., Classen, J., Karni, A., Doyon, J., 2017. Cerebral Activation During Initial Motor 
Learning Forecasts Subsequent Sleep-Facilitated Memory Consolidation in Older Adults. 
Cereb. Cortex 27, 1588–1601. https://doi.org/10.1093/cercor/bhv347 

Korman, M., Dagan, Y., Karni, A., 2015. Nap it or leave it in the elderly: A nap after practice 
relaxes age-related limitations in procedural memory consolidation. Neurosci. Lett. 606, 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 24

173–176. https://doi.org/10.1016/j.neulet.2015.08.051 

Korman, M., Doyon, J., Doljansky, J., Carrier, J., Dagan, Y., Karni, A., 2007. Daytime sleep 
condenses the time course of motor memory consolidation. Nat. Neurosci. 10, 1206–1213. 
https://doi.org/10.1038/nn1959 

Korman, M., Raz, N., Flash, T., Karni, A., 2003. Multiple shifts in the representation of a motor 
sequence during the acquisition of skilled performance. Proc. Natl. Acad. Sci. U. S. A. 100, 
12492–12497. https://doi.org/10.1073/pnas.2035019100 

Latreille, V., Carrier, J., Gaudet-Fex, B., Rodrigues-Brazète, J., Panisset, M., Chouinard, S., 
Postuma, R.B., Gagnon, J.-F., 2016. Electroencephalographic prodromal markers of 
dementia across conscious states in Parkinson’s disease. Brain 139, 1189–1199. 
https://doi.org/10.1093/brain/aww018 

Latreille, V., Carrier, J., Lafortune, M., Postuma, R.B., Bertrand, J.-A., Panisset, M., Chouinard, 
S., Gagnon, J.-F., 2015. Sleep spindles in Parkinson’s disease may predict the development 
of dementia. Neurobiol. Aging 36, 1083–90. 
https://doi.org/10.1016/j.neurobiolaging.2014.09.009 

Lawrence, M.A., 2016. ez: Easy Analysis and Visualization of Factorial Experiments. R package 
version 4.4-0. https://CRAN.R-project.org/package=ez. 

McCarter, S.J., Boswell, C.L., St. Louis, E.K., Dueffert, L.G., Slocumb, N., Boeve, B.F., Silber, 
M.H., Olson, E.J., Tippmann-Peikert, M., 2013. Treatment outcomes in REM sleep 
behavior disorder. Sleep Med. 14, 237–242. https://doi.org/10.1016/j.sleep.2012.09.018 

McNamara, C.G., Tejero-Cantero, Á., Trouche, S., Campo-Urriza, N., Dupret, D., 2014. 
Dopaminergic neurons promote hippocampal reactivation and spatial memory persistence. 
Nat. Neurosci. 17, 1658–1660. https://doi.org/10.1038/nn.3843 

Mentis, M.J., Dhawan, V., Nakamura, T., Ghilardi, M.F., Feigin, A., Edwards, C., Ghez, C., 
Eidelberg, D., 2003. Enhancement of brain activation during trial-and-error sequence 
learning in early PD. Neurology 60, 612–619. 
https://doi.org/10.1212/01.WNL.0000044154.92143.DC 

Morey, R.D., Rouder, J.N., 2018. BayesFactor: Computation of Bayes Factors for Common 
Designs. R package version 0.9.12-4.2. https://CRAN.R-project.org/package=BayesFactor. 

Olson, M., Lockhart, T.E., Lieberman, A., 2019. Motor learning deficits in Parkinson’s disease 
(PD) and their effect on training response in gait and balance: A narrative review. Front. 
Neurol. 10, 1–17. https://doi.org/10.3389/fneur.2019.00062 

Palmer, S.J., Li, J., Wang, Z.J., McKeown, M.J., 2010. Joint amplitude and connectivity 
compensatory mechanisms in Parkinson’s disease. Neuroscience 166, 1110–1118. 
https://doi.org/10.1016/j.neuroscience.2010.01.012 

Palmer, S.J., Ng, B., Abugharbieh, R., Eigenraam, L., McKeown, M.J., 2009. Motor reserve and 
novel area recruitment: amplitude and spatial characteristics of compensation in Parkinson’s 
disease. Eur. J. Neurosci. 29, 2187–2196. https://doi.org/10.1111/j.1460-9568.2009.06753.x 

Peirce, J.W., 2008. Generating stimuli for neuroscience using PsychoPy. Front. Neuroinform. 2, 
1–8. https://doi.org/10.3389/neuro.11.010.2008 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 25

Peirce, J.W., 2007. PsychoPy-Psychophysics software in Python. J. Neurosci. Methods 162, 8–
13. https://doi.org/10.1016/j.jneumeth.2006.11.017 

Perrin, E., Venance, L., 2019. Bridging the gap between striatal plasticity and learning. Curr. 
Opin. Neurobiol. 54, 104–112. https://doi.org/10.1016/j.conb.2018.09.007 

Pinsard, B., Boutin, A., Gabitov, E., Lungu, O., Benali, H., Doyon, J., 2019. Consolidation alters 
motor sequence- specific distributed representations. Elife 8, 376053. 
https://doi.org/10.7554/eLife.39324 

Pisani, A., Centonze, D., Bernardi, G., Calabresi, P., 2005. Striatal synaptic plasticity: 
Implications for motor learning and Parkinson’s disease. Mov. Disord. 20, 395–402. 
https://doi.org/10.1002/mds.20394 

Redondo, R.L., Morris, R.G.M., 2011. Making memories last: The synaptic tagging and capture 
hypothesis. Nat. Rev. Neurosci. 12, 17–30. https://doi.org/10.1038/nrn2963 

Robertson, E.M., Pascual-Leone, A., Miall, R.C., 2004. Current concepts in procedural 
consolidation. Nat. Rev. Neurosci. 5, 576–582. https://doi.org/10.1038/nrn1426 

Ruitenberg, M.F.L., Duthoo, W., Santens, P., Notebaert, W., Abrahamse, E.L., 2015. Sequential 
movement skill in Parkinson’s disease: A state-of-the-art. Cortex 65, 102–112. 
https://doi.org/10.1016/j.cortex.2015.01.005 

Sharp, M.E., Duncan, K., Foerde, K., Shohamy, D., 2020. Dopamine is associated with 
prioritization of reward-associated memories in Parkinson’s disease. Brain 143, 2519–2531. 
https://doi.org/10.1093/brain/awaa182 

Shohamy, D., Adcock, R.A., 2010. Dopamine and adaptive memory. Trends Cogn. Sci. 14, 464–
472. https://doi.org/10.1016/j.tics.2010.08.002 

Simioni, A.C., Dagher, A., Fellows, L.K., 2016. Compensatory striatal–cerebellar connectivity in 
mild–moderate Parkinson’s disease. NeuroImage Clin. 10, 54–62. 
https://doi.org/10.1016/j.nicl.2015.11.005 

Spencer, R.M.C., Gouw, A.M., Ivry, R.B., 2007. Age-related decline of sleep-dependent 
consolidation 480–484. https://doi.org/10.1101/lm.569407.until 

Takeuchi, T., Duszkiewicz, A.J., Sonneborn, A., Spooner, P.A., Yamasaki, M., Watanabe, M., 
Smith, C.C., Fernández, G., Deisseroth, K., Greene, R.W., Morris, R.G.M., 2016. Locus 
coeruleus and dopaminergic consolidation of everyday memory. Nature 537, 357–362. 
https://doi.org/10.1038/nature19325 

Terpening, Z., Naismith, S., Melehan, K., Gittins, C., Bolitho, S., Lewis, S.J.G., 2013. The 
contribution of nocturnal sleep to the consolidation of motor skill learning in healthy ageing 
and Parkinson’s disease. J. Sleep Res. 22, 398–405. https://doi.org/10.1111/jsr.12028 

Wächter, T., Lungu, O. V., Liu, T., Willingham, D.T., Ashe, J., 2009. Differential effect of 
reward and punishment on procedural learning. J. Neurosci. 29, 436–443. 
https://doi.org/10.1523/JNEUROSCI.4132-08.2009 

Walker, M.P., Brakefield, T., Hobson, J.A., 2003. Dissociable stages of human memory 
consolidation and reconsolidation. Nature 425, 616–620. 
https://doi.org/10.1038/nature01951.1. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/


 26

Walker, M.P., Brakefield, T., Morgan, A., Hobson, J.A., Stickgold, R., 2002. Practice with sleep 
makes perfect: Sleep-dependent motor skill learning. Neuron 35, 205–211. 
https://doi.org/10.1016/S0896-6273(02)00746-8 

Wang, S.-H., Redondo, R.L., Morris, R.G.M., 2010. Relevance of synaptic tagging and capture 
to the persistence of long-term potentiation and everyday spatial memory. Proc. Natl. Acad. 
Sci. 107, 19537–19542. https://doi.org/10.1073/pnas.1008638107 

White, N.M., Packard, M.G., Seamans, J., 1993. Memory enhancement by post-training 
peripheral administration of low doses of dopamine agonists: Possible autoreceptor effect. 
Behav. Neural Biol. 59, 230–241. https://doi.org/10.1016/0163-1047(93)90998-W 

Wickens, J.R., 2009. Synaptic plasticity in the basal ganglia. Behav. Brain Res. 199, 119–128. 
https://doi.org/10.1016/j.bbr.2008.10.030 

Wilson, J.K., Baran, B., Pace-Schott, E.F., Ivry, R.B., Spencer, R.M.C., 2012. Sleep modulates 
word-pair learning but not motor sequence learning in healthy older adults. Neurobiol. 
Aging 33, 991–1000. https://doi.org/10.1016/j.neurobiolaging.2011.06.029 

Wu, T., Hallett, M., 2005. A functional MRI study of automatic movements in patients with 
Parkinson’s disease. Brain 128, 2250–2259. https://doi.org/10.1093/brain/awh569 

Wu, T., Wang, L., Chen, Y., Zhao, C., Li, K., Chan, P., 2009. Changes of functional connectivity 
of the motor network in the resting state in Parkinson’s disease. Neurosci. Lett. 460, 6–10. 
https://doi.org/10.1016/j.neulet.2009.05.046 

Yin, H.H., Knowlton, B.J., 2006. The role of the basal ganglia in habit formation. Nat. Rev. 
Neurosci. 7, 464–476. https://doi.org/10.1038/nrn1919 

Yu, H., Sternad, D., Corcos, D.M., Vaillancourt, D.E., 2007. Role of hyperactive cerebellum and 
motor cortex in Parkinson’s disease. Neuroimage 35, 222–233. 
https://doi.org/10.1016/j.neuroimage.2006.11.047 

 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.04.30.441882doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.441882
http://creativecommons.org/licenses/by-nd/4.0/

