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Reduced cortical plasticity has been previously reported in older adult as compared with young adults.
However, the effects of dopamine on this plasticity reduction remain unknown. Here, we assessed the
effects of high-dose (200 mg) and medium-dose (100 mg) L-3,4-dihydroxyphenylalanine (L-DOPA) intake
on the long-termpotentiation (LTP)-like effect induced by quadripulsemagnetic stimulation (QPS) in older
adults (aged w65 years). The subjects were 32 (200 mg) and 20 (100 mg) healthy older adult volunteers.
This study was designed as a double-blind, crossover and placebo-controlled trial on one dose of L-dopa.
Two hours after taking L-DOPA or placebo-drug, QPS was applied over the motor cortex. Motor evoked
potentialswere recorded to evaluate themotor cortical excitability changes.We found that both doses of L-
DOPA enhanced LTP after QPS in older adults as one group. We classified subjects into QPS responders and
QPS nonresponders. Both L-DOPA doses produced significant LTP enhancement in QPS nonresponders,
whereas either of doses did not produce significant LTP enhancement in QPS responders. Collectively, our
findings suggest that the neural plasticity reductions observed in older adults could be partly improved by
dopamine.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Synaptic plasticity plays critical roles in memory and learning.
Animal experiments have suggested that reductions in plasticity
occur with age (Dumitriu et al., 2010; Gutchess, 2014). Research in
humans has likewise suggested that reductions in cortical plasticity
may relatewith cognitive decline in the aged brain (Gutchess, 2014).
Recently, several noninvasive brain stimulation techniques, such as
paired associative stimulation (PAS) (Stefan et al., 2002) or trans-
cranial direct current stimulation (tDCS) (Nitsche and Paulus, 2000),
have been shown to induce cortical plasticity in the human brain. In
older adults, the long-term potentiation (LTP)-like effects induced
by PAS or tDCS were diminished or induced in a delayed manner
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(Fathi et al., 2010; Fujiyama et al., 2014). Another unique type of
patterned repetitive transcranial magnetic stimulation (TMS)
developed by our laboratory, referred to as “quadripulse magnetic
stimulation” (QPS), has also been found to induce LTP-like effects
(Hamada et al., 2008). Interestingly, the LTP-like effects induced by
QPS are generally smaller in older adults than in younger adults, and
the number of “QPS responders,” that is, people in whom QPS
induced the expected amount of LTP, was lower in older than in
younger individuals (Hanajima et al., 2017). However, the effects of
dopamine on noninvasive brain stimulationeinduced LTP have not
been studied in older adults.

Dopamine is known to play important roles in neural plasticity
induction, which contributes to memory, learning and other
cognitive functions, and motor and sensory functions (Knecht et al.,
2004; Spencer et al., 2000). Dopamine deficiency causes impair-
ments in plasticity induction in Parkinson’s disease (Calabresi et al.,
2007). Animal studies have suggested that dopamine-mediated
input to D1/D5 receptors facilitates LTP induction and that the
activation of both D1 and D2 receptors induces long-term depot-
entiation (LTD) (Bailey et al., 2000; Jay et al.,1996; Otani et al., 1998).
In parkinsonian animal models, LTP/LTD induction was impaired,
but LTP/LTDwas restored by dopamine replacement (Calabresi et al.,
1992; Kerr and Wickens, 2001). In humans, the effects of dopamine
on LTP induction at the primary motor cortex (M1) have been
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studied using PAS or tDCS. However, the results of previous studies
evaluating the effects of L-3,4-dihydroxyphenylalanine (L-DOPA) on
LTP induction are inconsistent. For instance, Kuo et al. (2008) re-
ported that 100-mg L-DOPA intake enhanced the LTP-like effects
after PAS. By contrast, Thirugnanasambandam et al. (2011) reported
that 100 mg of L-DOPA had no effects on PAS-induced LTP for up to
120 minutes after the intervention but did enhance it the following
day, whereas 25 mg or 200 mg of L-DOPA inverted the PAS-induced
LTP to LTD. Other studies demonstrated that the anodal tDCS-
induced LTP was inverted to LTD by 100-mg L-DOPA intake and
was not affected by the intake of 25 mg or 200 mg of L-DOPA (Kuo
et al., 2008; Monte-Silva et al., 2010). A prior study from our labo-
ratory also reported that the QPS-induced LTP/LTD-like effects were
enhanced by 100 mg of L-DOPA/carbidopa in healthy young vol-
unteers (Enomoto et al., 2015). However, the effects of L-DOPA on
the QPS-induced LTP/LTD in older adults remain to be studied, and
high-dose L-DOPA effects have also not been studied. Therefore, the
aim of the present study was to evaluate the effects of dopamine on
neural plasticity induced by QPS in healthy older adults and to
investigate differences in these effects between high- (200 mg) and
medium-dose (100 mg) L-DOPA/carbidopa.

2. Subjects and methods

2.1. Ethical approval

This study was performed according to the Declaration of Hel-
sinki; the procedures were approved by the institutional review
board of the University of Tokyo (No. P2012004, UMIN000008508).
All subjects provided written informed consent to participate in
this study.

2.2. Participants

We conducted 2 experiments on different participant groups (no
subject participated in both experiments). Participants were 32
subjects in the 200-mg L-DOPA intake study (experiment 1) and 20
different subjects in the 100-mg L-DOPA intake study (experiment
2). We asked a temporary employment agency to recruit partici-
pants who were around 65 years of age. The exclusion criteria were
in line with the appropriate safety guidelines (Rossi et al., 2009;
Wassermann et al., 1996) and identified people with contraindica-
tions to L-DOPA/carbidopa; gastric or duodenal ulcers; internal
metal such as a cardiac pace maker, drug delivery pump, or deep
brain stimulator; severe cardiac diseases; hepatic diseases; renal
diseases; pulmonary diseases; ileus; bronchial asthma; uncon-
trolled diabetic mellitus; chronic open angle glaucoma; cerebral
stroke; brain injury; brain tumor; epilepsy; psychiatric disorders;
and/or pregnant women, those contemplating pregnancy, and
people whom the investigators considered inappropriate for
participation. None of the participants had any history of neuro-
logical or psychiatric diseases or seizure episodes. Participants were
not taking any medications for neurological or psychiatric diseases
before and during the experiments or caffeine on the experimental
day. For experiment 1, the agency identified 3610 people aged
63e67 years as candidates for our experiments, and of these, 99
applied to take part in our experiments. Five were excluded based
on the exclusion criteria, and the other 94 applicants were consid-
ered candidates for selection. Thirty-four individuals were
randomly selected from these 94 applicants. One person withdrew
after our explanation of the experiments, and one withdrew after
participation because she developed nausea and vomiting after
taking the L-DOPA/carbidopa (200 mg). Thirty-two participates (18
men and 14 women; mean � standard deviation age: 64.9 �
1.7 years) finally completed the 200-mg L-DOPA intake study
(Fig. 1A). We analyzed the data from these 32 participants. For
experiment 2, 2111 people were identified as candidates, and of
these, 79 applied. Tenwere excluded based on the exclusion criteria
and the other 69 applicants were considered candidates for selec-
tion. Twenty people were randomly selected from these 69 appli-
cants. All of these 20 healthy volunteers (10 men and 10 women;
mean age: 65.1 � 1.3 years) completed the 100-mg L-DOPA intake
study (Fig. 1B).

In the present analyses, we used the normal range of the base-
line fluctuation of motor evoked potential (MEP) amplitude deter-
mined by the placebo-intervention experiment in our previous
article (Hanajima et al., 2017; Nakamura et al., 2016).

2.3. MEP recordings

Participants sat in a comfortable chair during the experiments.
Surface electromyograms were recorded from the relaxed right first
dorsal interosseous (FDI) muscle using surface electrodes placed
with a belly-tendon montage. Signals were filtered with stopband
frequency between 100 Hz and 3 kHz using an analog filter (Neu-
ropack mu MEP-9100: Nihon Kohden Co, Ltd, Japan) with which
signals attenuated -6 dB/oct at low cut filter and -12 dB/oct at high
cut filter. All data were stored in the computer for later offline an-
alyses (TMS Bistim Tester; Medical Try System, Japan). We delivered
TMS over the left motor “hot spot” (M1) for the right FDI with a
figure-eight-shaped magnetic coil (7-cm external diameter at each
wing; The Magstim Co, Ltd, UK) connected to a magnetic stimulator
(Magstim 200; The Magstim Co, Ltd). The coil was oriented to
induce currents in the brain in the posterolateral to anteromedial
direction. To find themotor hot spot in each subject, we changed the
stimulation site in 1-cm steps anteroposteriorly and mediolaterally,
starting at a point 4 cm lateral to the vertex, and the location at
which the largest MEPs were evoked was defined as the hot spot.
We marked the hot spot and the location of the edge of the coil on
the head with a felt pen for repositioning the coil, and kept the
location of the coil by hand duringMEP recordings. At this point, we
measured the active motor threshold (AMT) and resting motor
threshold (RMT). The AMT was defined as the intensity required to
elicit at least 100-mV MEPs from the FDI in half of the single TMS
trials when the subjects maintained 10% maximal voluntary
contraction, and the RMT was defined as the intensity required to
elicit at least 50-mV MEPs in half of the trials in the relaxed muscle.

2.4. QPS for LTP induction

We delivered QPS through a special combining module (The
Magstim Co, Ltd) connected to 4 monophasic stimulators (Magstim
200 square; The Magstim Co, Ltd). Similar to our previous paper
(Hamada et al., 2008), the QPS consisted of bursts of 4 monophasic
subthreshold TMS pulses (90% of the AMT) repeated every 5 seconds
for 30 minutes (360 bursts). We used an interstimulus interval of
5 ms (QPS-5), which is the best interval for LTP induction (Hamada
et al., 2008). We administered QPS over the left M1 with a figure-
eight-shaped coil held by hand.

2.5. Experimental procedures

Each experiment (one L-DOPA dose) of this study had a double-
blind, crossover and placebo-controlled design. The details of the
experimental procedures are illustrated in Fig. 2. For both experi-
ment 1 and 2, each participant visited our hospital twice at an in-
terval separated by at least 1 week.

In experiment 1, participants took 200mgof L-DOPA (with 50mg
of carbidopa) or placebo before QPS at each visit. In experiment 2,
participants took 100 mg of L-DOPA (with 25 mg of carbidopa) or
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Fig. 1. Subject recruitment procedures. (A). For experiment 1, 34 people were selected. Two individuals withdrew, and 32 participants completed the experiment. (B). For
experiment 2, 20 people were selected and all 20 completed the study.
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placebo before QPS at each visit. The active drug or lactate (for pla-
cebo) was put in a capsule of identical form and size andmasked by
one fixed experimenter. All participants and all other experimenters
were blinded to the experimental condition (placebo or L-DOPA).
The assignment of the capsules was determined by 2 other fixed
experimenters who did not perform the TMS study. Two hours after
capsule intake, AMT and RMT were measured. We set the single-
pulse TMS intensity to elicit baseline MEPs at an amplitude of
approximately 0.5 mV in the relaxed condition and recorded 20
MEPs as the baseline. After QPS-5, we obtained 20 MEPs at time
points 5, 10, 15, 20, and 25 minutes, using the same intensity as that
used during the baseline recordings. MEPs were elicited by a single-
pulse TMS with a figure-eight-shaped coil held by hand over M1.
Experiment 1 

First day

2 hr
Placebo or 200 mg 
L-DOPA/carbidopa  

AMT/RMT

Baseline MEPs

Second day

2 hr
200 mg L-DOPA/
carbidopa or Placebo  

AMT/RMT

Baseline MEPs
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L-DOPA/carbidopa  

AMT/RMT

Baseline MEPs

Second day

2 hr
100 mg L-DOPA/
carbidopa  or Placebo  

AMT/RMT

Baseline MEPs

Experiment 2 

Fig. 2. Experimental procedures. The present study used a double-blind, crossover, and p
Experiment 1: On the first day, each participant took a capsule containing 200 mg of L-DOP
recorded the active motor threshold (AMT), resting motor threshold (RMT), and 20 baseline
Immediately after the baseline recordings, quadripulse magnetic stimulation with inters
30 minutes. Subsequently, 20 MEPs were recorded at time points of 5, 10, 15, 20, and 25 m
participants took the other capsule. All other procedures were the same as those performed
placebo-drug. The experimental procedures were the same as those performed in experim
2.6. Data analysis

A two-factor repeated measures analysis of variance (ANOVA)
was used to statistically analyze the RMT, AMT, amplitude of
baseline MEPs, and single-pulse TMS intensity, with the 2 inde-
pendent variables CONDITION (placebo and L-DOPA) and DOSE
(200 mg and 100 mg: experiment 1 and 2) (see Table 1). After we
separated participants into “QPS responders” and “QPS non-
responders” (see the following), differences in these parameters
were analyzed with a three-factor repeated measures ANOVA and
the 3 independent variables CONDITION (placebo and L-DOPA),
DOSE (200 mg and 100 mg: experiment 1 and 2), and
RESPONDER (QPS responders and QPS nonresponders).
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lacebo-controlled design for each experiment of 100 mg or 200 mg L-DOPA intake.
A/carbidopa or a placebo-capsule, which were randomly allocated. Two hours later, we
motor evoked potentials (MEPs) from the right first dorsal interosseous muscle (FDI).
timulus intervals of 5 ms (QPS-5) was administered over the left motor cortex for
inutes after QPS. On the second day, which was at least 1 week after the first visit, the
at the first visit. Experiment 2: the participants took 100 mg of L-DOPA/carbidopa or

ent 1.



Table 1
Physiological parameters before QPS intervention
RMT, AMT, baseline MEP amplitude, and single-pulse TMS intensity to be used to induce MEP in all session in each group

A.

L-DOPA200 (N ¼ 32) L-DOPA100 (N ¼ 20) Two-factor ANOVA

Placebo L-DOPA Placebo L-DOPA CONDITION DOSE DOSE �
CONDITION

AMT (%) 30.1 � 5.6 31 � 5.3 32.1 � 5.1 33.1 � 5.9 p ¼ 0.77 p ¼ 0.21 p ¼ 0.67
RMT (%) 51.1 � 11.8 49.5 � 9.5 52.9 � 10.3 53.2 � 10.0 p ¼ 0.51 p ¼ 0.12 p ¼ 0.77
AMP (mV) 0.48 � 0.17 0.48 � 0.12 0.5 � 0.06 0.51 � 0.07 p ¼ 0.96 p ¼ 0.25 p ¼ 0.83
TMS intensity (%) 60.8 � 19.4 62.9 � 17.4 65.6 � 17.9 62.7 � 15.5 p ¼ 0.91 p ¼ 0.53 p ¼ 0.45

B.

L-DOPA200 (N ¼ 32) L-DOPA100 (N ¼ 20)

Significant responders
(N ¼ 19)

Nonresponders
(N ¼ 13)

Significant responders
(N ¼ 8)

Non-responders
(N ¼ 12)

Three factor ANOVA

Placebo L-DOPA Placebo L-DOPA Placebo L-DOPA Placebo L-DOPA CONDITION DOSE RESPONDER

AMT (%) 29.9 � 5.9 30.5 � 5.6 31.7 � 5.1 31.8 � 5.0 32.9 � 5.3 34.3 � 6.7 31.5 � 5.1 32.3 � 5.4 p ¼ 0.59 p ¼ 0.36 p ¼ 0.89
RMT (%) 50.3 � 12.9 47.6 � 8.4 52.2 � 10.4 52.2 � 10.7 54.9 � 9.5 56.1 � 11.6 51.6 � 11.1 51.3 � 12.3 p ¼ 0.054 p ¼ 0.26 p ¼ 0.97
AMP (mV) 0.46 � 0.18 0.46 � 0.14 0.51 � 0.15 0.5 � 0.1 0.5 � 0.06 0.54 � 0.08 0.51 � 0.06 0.49 � 0.06 p ¼ 0.94 p ¼ 0.39 p ¼ 0.69
TMS intensity (%) 58.6 � 21.0 60.6 � 17.9 64.1 � 17.1 66.2 � 16.7 69.4 � 16.4 67.5 � 16.2 63.1 � 19.1 59.5 � 15 p ¼ 0.82 p ¼ 0.62 p ¼ 0.87

Key: AMP, amplitude of MEP; AMT, active motor threshold; L-DOPA, L-3,4-dihydroxyphenylalanine; RMT, resting motor threshold; TMS, transcranial magnetic stimulation;
MEP, motor evoked potential.
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We used the mean amplitude of the MEPs to 20 single TMS
pulses at each time point (5, 10, 15, 20, and 25 minutes) to
evaluate the excitability changes after QPS-5. We calculated the
MEP size ratio, defined as the mean MEP amplitude at each time
point divided by the mean baseline MEP amplitude. The time
course of LTP induction was illustrated by plotting the mean MEP
size ratio against the time after QPS. A three-factor repeated
measures ANOVA was used to determine the effects of L-DOPA on
LTP; the dependent variable was the MEP size ratio, and the 3
independent variables were CONDITION (placebo and L-DOPA),
TIME (5, 10, 15, 20, and 25 minutes after QPS), and DOSE (200 mg
and 100 mg: experiment 1 and 2).

We classified all subjects into 2 groups (QPS responders and
QPS nonresponders) in a manner similar to that used in previous
articles (Hanajima et al., 2017; Nakamura et al., 2016). For each
participant, we calculated the average MEP size ratio as the grand
average of the size ratios from 5 to 25 minutes (the average MEP
ratio 5e25 minutes: average MEP ratio [5e25 minutes]). We
defined QPS responders as the participants whose average MEP
ratio (5e25 minutes) was >1.24, whereas QPS nonresponders
were defined as those whose average MEP ratio (5e25 minutes)
was �1.24, based on the normal range in our previous article
under the sham-intervention condition (mean � 2 standard de-
viations: 0.76e1.24) (Nakamura et al., 2016). In the present study,
QPS nonresponders include the categories labeled “no significant
responder to QPS” and “opposite responders to QPS” in the pre-
vious article. We first analyzed the effects of L-DOPA on LTP using a
three-factor repeated measures ANOVA in each experiment (with
100 mg or 200 mg). The dependent variable was the MEP size
ratio, and the 3 independent variables were CONDITION (placebo
and L-DOPA), TIME (5, 10, 15, 20, and 25 minutes after QPS), and
RESPONDER (QPS responders and QPS nonresponders). As post
hoc analyses, we analyzed the effects of L-DOPA on LTP in QPS
responders and QPS nonresponders separately (see results), using
a two-factor repeated measures ANOVA. The dependent variable
was the MEP size ratio, and the 2 independent variables were
CONDITION (placebo and L-DOPA) and TIME (5, 10, 15, 20, and
25 minutes after QPS).

All statistical analyses were performed using IBM SPSS version
17.0 for Windows (IBM Japan, Ltd, Tokyo, Japan). The level of sta-
tistical significance was set at p � 0.05 in all analyses.
3. Results

In experiment 1, one participant vomited after taking the L-DOPA/
carbidopa (200 mg) and withdrew from the study. The other 32
participants completed the experiment. In those 32 subjects, 3 par-
ticipants felt slight nausea after taking the L-DOPA/carbidopa
(200 mg), and 2 after placebo intake. However, without any inter-
vention, the symptoms improved spontaneously. In experiment 2, all
20 participants completed the experiment; although one participant
felt light, transient nausea after taking the placebo, this participant
finished the experiment completely. The QPS procedures and TMS
stimulation provoked no adverse effects in any of the participants.

The RMT, AMT, baseline MEP amplitude, and single-pulse TMS
intensity in the follow-up session did not differ significantly among
the 200-mg L-DOPA, 100-mg L-DOPA, and placebo group (two-
factor ANOVA; AMT: CONDITION: F [1, 100] ¼ 0.09, p ¼ 0.77; DOSE:
F [1, 100]¼ 1.57, p¼ 0.21; CONDITION � DOSE: F [1, 100]¼ 0.19, p¼
0.67; RMT: CONDITION: F [1, 100] ¼ 0.44, p ¼ 0.51; DOSE: F [1,
100] ¼ 2.50, p ¼ 0.12; CONDITION � DOSE: F [1, 100] ¼ 0.09, p ¼
0.77; amplitude: CONDITION: F [1, 100] ¼ 0.003, p ¼ 0.96; DOSE: F
[1, 100] ¼ 1.32, p ¼ 0.25; CONDITION � DOSE: F [1, 100] ¼ 0.05, p ¼
0.83; TMS intensity: CONDITION: F [1,100]¼ 0.01, p¼ 0.91; DOSE: F
[1, 100] ¼ 0.41, p ¼ 0.53 CONDITION � DOSE: F [1, 100] ¼ 0.48, p ¼
0.49) (Table 1A). Furthermore, whenwe separated participants into
“QPS responders” and “QPS nonresponders”, none of these pa-
rameters differed significantly, neither for CONDITION nor for DOSE
or RESPONDER [three-factor repeated measures ANOVA: AMT:
CONDITION: F [1, 48] ¼ 0.301, p ¼ 0.59; DOSE: F [1, 48] ¼ 0.86, p ¼
0.36; RESPONDER: F [1, 48]¼0.018, p¼ 0.89; RMT: CONDITION: F [1,
48] ¼ 3.91, p ¼ 0.054; DOSE: F [1, 48] ¼ 1.28, p ¼ 0.26; RESPONDER:
F [1, 48]¼ 0.002, p¼ 0.97; amplitude: CONDITION: F [1, 48]¼0.006,
p ¼ 0.94; DOSE: F [1, 48] ¼ 0.76, p ¼ 0.39; RESPONDER: F [1, 48] ¼
0.161, p ¼ 0.69; TMS intensity: CONDITION: F [1, 48] ¼0.054, p ¼
0.82; DOSE: F [1, 48] ¼ 0.24, p ¼ 0.62; RESPONDER: F [1, 48] ¼ 0.03,
p ¼ 0.87] (Table 1B).

We found that L-DOPA intake significantly enlarged theMEP size
ratio after QPS-5 compared with placebo intake. Representative
data from a single subject is shown in Fig. 3. In this single QPS
nonresponder, MEP amplitude after QPS did not change comparing
with baseline MEP with placebo intake (before QPS) (average MEP
waveforms in Fig. 3A and each MEP amplitude plots as time course
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Fig. 3. Representative results in a single nonresponder in experiment 1. (A). Waveforms of average MEPs at each time point (pre-QPS and at time points of 5, 10, 15, 20, 25 minutes
after QPS) in the placebo condition (upper rows) and in the L-DOPA/carbidopa 200-mg intake condition (lower rows). The amplitudes of MEPs after QPS were not significantly larger
than baseline MEPs in the placebo condition (nonresponders). In the L-DOPA condition, MEP amplitudes were larger than baseline MEPs. (B). Amplitude of each MEP for 20 trials at
each time point in the same single participant in the placebo condition. Gray dots indicate MEP amplitudes of single trials and black dots indicate the average amplitude. One-factor
ANOVA revealed that TIME had no effect on MEP amplitude in this participant [F (5, 117) ¼ 2.16, p ¼ 0.06]. (C). Amplitude of each MEP in the L-DOPA 200-mg intake condition. TIME
had significant effects on MEP amplitudes [one-factor ANOVA F (5, 116) ¼ 7.16, p < 0.0001]. Post hoc analyses revealed that MEPs at 15 minutes, 20 minutes, and 25 minutes were
significantly larger than baseline MEPs (Bonferroni analysis, p < 0.05).
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in Fig. 3B). With intake L-DOPA 200 mg, MEP amplitude was
enlarged after QPS (Fig. 3A and C)

Fig. 4 shows time course of the average MEP amplitude of all
participants in experiment 1 (A, C, and E) and experiment 2 (B, D,
and F). A three-factor repeated measures ANOVA revealed that L-
DOPA intake had significant effects on MEP ratio (CONDITION: F [1,
100] ¼ 10.5, p ¼ 0.02; TIME: F [4, 400] ¼ 0.70, p ¼ 0.59) (Fig. 4E and
F). However, the dose of L-DOPA did not have any significant effects
on the LTP-like effects after QPS (DOSE: F [1, 100] ¼ 0.42, p ¼ 0.52).
No significant interactions were found between any of the factors.

Based on the average MEP ratio (5e25 minutes) in the placebo-
drug intake experiment,19 and 8 participants were classified as QPS
responders in experiments 1 and 2, respectively (Fig. 5A). The grand
average MEP ratio (5e25 minutes) in the placebo experiment from
all participants was 1.31 � 0.11 in experiment 1 and 1.14 � 0.08 in
experiment 2. The rate of QPS responders in the placebo-drug
condition was 19/32 (59.4%) in experiment 1 and 8/20 (40%) in
experiment 2. The rate of QPS responders when taking L-DOPAwas
24/32 (75%) in experiment 1 and 8/12 (66.7%) in experiment 2
(Fig. 5A). The conversion rate from the QPS nonresponders to QPS
responders by L-DOPA was 10/13 (76.9%) in experiment 1 and 8/12
(53.3%) in experiment 2. The reverse conversion rate from the QPS
responders to QPS nonresponders by L-DOPA was 4/19 (21.0%) in
experiment 1 and 2/8 (25.0%) in experiment 2.

We first analyzed the effects of CONDITION, TIME, and RE-
SPONDERS in each experiment. In experiment 1 (with L-DOPA
200 mg), a three-factor repeated measures ANOVA showed sig-
nificant effects of CONDITION and RESPONDER (CONDITION: F [1,
60] ¼ 8.67, p ¼ 0.005; RESPONDER F [1, 60] ¼ 10.9, p ¼ 0.002) but
not TIME (F [4, 240] ¼ 1.19, p ¼ 0.32) and there are no significant
interactions (CONDITION� RESPONDER F [1, 60]¼ 2.78, p¼ 0.1). In
experiment 2 (with L-DOPA 100 mg), a three-factor repeated
measures ANOVA revealed the same results (CONDITION: F [1,
36]¼ 7.38, p¼ 0.01; RESPONDER F [1, 36]¼ 8.20, p¼ 0.007, TIME (F
[4, 144] ¼ 0.572, p ¼ 0.68) and there are no interactions
(CONDITION � RESPONDER F [1, 36] ¼ 0.26, p ¼ 0.61). Because the
factor RESPONDER significantly affected the MEP size ratio, we
analyzed the data of QPS responders and those of QPS non-
responders independently as post hoc analyses. In 19 QPS re-
sponders in experiment 1, neither CONDITION nor TIME had
significant effects on MEP ratio (two-factor repeated measures
ANOVA; CONDITION: F [1, 36] ¼ 0.81, p ¼ 0.37; TIME: F [4, 144] ¼
0.41, p¼ 0.80), and no interactionwas found between those factors
(CONDITION � TIME: F [4144] ¼ 0.86, p ¼ 0.49) (Fig. 5B). In 8 QPS
responders in experiment 2, there were no significant effects of
CONDITION or TIME on MEP ratio (CONDITION: F [1, 14] ¼ 1.55, p ¼
0.23; TIME: F [4, 56] ¼ 0.24, p ¼ 0.92) and no interaction
(CONDITION � TIME: F [4, 56] ¼ 0.44, p ¼ 0.78) (Fig. 5C). By
contrast, in 13 QPS nonresponders in experiment 1, L-DOPA/car-
bidopa significantly enlarged the MEP size ratio (CONDITION: F [1,
24] ¼ 13.9, p¼ 0.01), whereas TIME had no effect (TIME: F [4, 96]¼
0.92, p ¼ 0.46), and no interactionwas found (CONDITION � DOSE:
F [4, 96] ¼ 0.78, p ¼ 0.54) (Fig. 5D). In 12 QPS nonresponders in
experiment 2, L-DOPA/carbidopa also showed significant effects on
the MEP size ratio (CONDITION: F [1, 22] ¼ 9.00, p ¼ 0.007) but no
effects of TIME (TIME: F [4, 88] ¼ 0.61, p ¼ 0.65) and no interaction
(CONDITION � DOSE: F [4, 88] ¼ 0.33, p ¼ 0.86) were observed
(Fig. 5E).

4. Discussion

The present study shows that both investigated doses of L-DOPA
(100 mg and 200 mg) similarly enhanced the LTP-like effects after
QPS-5 in M1 in healthy older adults as a whole (w65 year old).
Especially, in QPS nonresponders, the L-DOPA intake enhanced
plasticity considerably.
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4.1. Effects of L-DOPA on plasticity

Our results demonstrating enhancement of LTP by L-DOPA/car-
bidopa intake are consistent with previous animal experiments
showing dopaminergic enhancement of LTP (Jay et al., 1996; Otani
et al., 1998). Similar enhancement of LTP was induced by 100 mg of
L-DOPA after PAS (Kuo et al., 2008) and 100 mg of L-DOPA after QPS
(Enomoto et al., 2015) in young healthy individuals. The enhance-
ment of PAS-induced LTP after dopamine intake has been suggested
to depend mainly on D1 group receptor activation (Nitsche et al.,
2009). In our previous study, we reported that D2 agonists did not
affect the QPS-5einduced LTP, which indicated that the QPS-
5einduced LTP was also mediated by D1 receptor activation
(Enomoto et al., 2015).

By contrast, the dopaminergic effects on LTP after tDCS were
differently affected by L-DOPA. Namely,100mg dopamine abolished
the tDCS-induced LTP (Kuo et al., 2008) or inverted the LTP to LTD
(Monte-Silva et al., 2010). LTP after tDCS was abolished by sulpiride
(D2 antagonist) (i.e., relative increase of D1 activity), which suggests
that D2 receptor activities could contribute to the tDCS-induced LTP
(Nitsche et al., 2006). However, a combination of 100 mg L-DOPA
and sulpiride did not affect the tDCS-induced LTP (Nitsche et al.,
2009), suggesting that mutual influences between D1 and D2 ac-
tivities on LTP after tDCS might be complicated. Kuo et al. (2008)
concluded that dopamine enhances only “focally induced synaptic
plasticity”. Dopamine enhanced the PAS-induced plasticity on the
specific subgroup synapses for somatosensory and motor cortical
neuronal connections, but tDCS induced plasticity on diffuse,
nonspecific subgroups of cortical synapses. QPS probably induces
homotopic synaptic plasticity of the primary motor cortex using
monophasic TMS (a kind of focal synaptic plasticity). That suggests
that D1 and D2 receptor influences on LTPwere simple in the case of
QPS-induced LTP and it is similar to that on PAS-induced LTP.

The effects of dopamine on QPS-induced LTP in older adults
shown here are compatible with the abovementioned findings of
dopamine enhancement of LTP.

4.2. Dose-dependency of the effects of L-DOPA

The effects of L-DOPA on QPS-induced LTP did not show dose-
dependency in our study. Nonlinear dose-dependency of the ef-
fects of L-DOPA was revealed previously when the PAS or tDCS
plasticity induction method was used (Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011). A nonlinear dose-dependency
of dopamine effect with an inverted-Ueshaped curve was first
observed in studies evaluating the effects of dopamine on cognitive
functions (Granon et al., 2000; Williams et al., 1995). This dose-
dependent effect identified with animal data was suggested to be
due to presynaptic D2 receptor activation by low-dose dopamine
(Schmitz et al., 2003) or to the disinhibition of N-methyl-D-aspartate
(NMDA) receptor activity underhigh-dose dopamine (Misonou et al.,
2004; Seamans and Yang, 2004). However, another article
(Kolomiets et al., 2009) reported that neither NMDA receptor activity
nor D1-mediated increases in neural excitability showed an
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inverted-U curve. Thus, the mechanisms underlying the inverted-U
curve dose-dependency remain unclear (Otani et al., 1998). The
complicated effects of dopamine on PAS- and tDCS-induced LTP have
been hypothesized to be related to the superimposition of presyn-
aptic D2 receptor activation and the disinhibition of NMDA receptor
activity. In the present experiments using doses of 100 mg and
200 mg, the effects of L-DOPA on QPS-induced LTP were similar in
terms of the amount of LTP enhancement. Nevertheless, our data are
insufficient for discussing the dose-dependency of the effects of L-
DOPA on QPS-induced LTP, because we only used 2 dosages. Higher
doses of L-DOPA, such as 300 mg or 400 mg, may show decrements
in LTP induction. Another possibility is that the plasticity induced by
QPS may not exhibit the inverted-Ueshaped dose-dependency. If
QPS does not have the inverted-Ueshaped curve, its lack of dose-
dependency may be explained by the notion that QPS-induced
homotopic plasticity is mostly influenced by D1 receptor activation.
4.3. Effects of L-DOPA in QPS nonresponders

We targeted older adults who were approximately 65 years old.
In our previous article (Hanajima et al., 2017), the LTP induced by
QPS-5 in older adults (the grand average MEP size ratio between
0 minutes to 25 minutes was 1.25 � 0.07) was smaller than that in
younger individuals (1.60 � 0.08), and the rate of QPS responders
was lower in older adults (47%) than in younger adults (76%). In the
present article, the amount of LTP and the rate of QPS responders in
the placebo-drug intake group were compatible with those of old
subjects reported in our previous article and smaller than those of
younger individuals in our previous article. The present amount of
LTP induction under 100 mg L-DOPA intake was also smaller than
that in younger individuals in our previous report (Enomoto et al.,
2015). These all may show an age dependency of LTP induced by
QPS-5.

The present separate analyses of QPS responders and non-
responders revealed that L-DOPA intake produced significant
LTP enhancement in QPS nonresponders but not in QPS re-
sponders. With L-DOPA intakes, the rate of QPS responder
increased; that is, some nonresponders were converted to QPS
responder (76.9% of nonresponders in experiment 1 and 53.3% in
experiment 2).

The fact that we studied healthy older adults without any
neurological disorders, such as Parkinson's disease or dementia,
suggests that normal aging likely reduces plasticity. Our data showed
that dopamine replacement may improve the age-related LTP
attenuation. It is known that D1 receptors in the cortex decreasewith
age and that thecortical dopaminergicneurotransmission reductions
occur in parallel with the cognitive decline in older adults (de Keyser
et al., 1990). This age-related reduction in cortical dopamine may
partlyexplain thehigh rate ofQPSnonresponders inolderadults and/
or the age-related declines in plasticity, memory, and high-order
cognitive functions in older adults. As such, dopamine replacement
couldhave the potential to restore somepart of the age-related, high-
ordercognitivedecline.Another interestingpossibility is that someof
the functionally normal older adults that participated in the present
study may have had preclinical Parkinson's disease or Alzheimer's
disease. This indicates that QPS-induced plasticity may be a preclin-
ical biomarker of some disorders. This issue, however, should be
examined further in the future.

It should also be mentioned that in the present study, L-DOPA
did not significantly influence LTP in QPS responders. However,
the small number of QPS responders studied here likely explains
the lack of statistical significance. A ceiling effect of dopamine
may be another explanation. Moreover, some QPS responders
(21% in experiment 1 and 25.0% in experiment 2) were con-
verted to nonresponder by L-DOPA intake. This may indicate
that L-DOPA effects are weak and sometimes variable. It may
also be partly explained by an intertrial variability of QPS effects
in some subjects whose baseline average MEP ration
(5e25 minutes) was just over the normal range. Nevertheless,
the overall L-DOPA effect found here suggests that L-DOPA en-
hances the plasticity induced by QPS-5.

Here, we used only MEPs as a marker of excitability changes.
An interesting future project could therefore be to study QPS ef-
fects on cognitive/behavioral performance; especially focusing on
the difference between responders and nonresponders might be
challenging. For example, investigating whether QPS responders
also show changes in cognitive performance may give us some
information about the mechanism underlying the response to
QPS.
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4.4. Limitations

One critical limitation of this study is that we only investigated
LTP-like effects. To clarify the dopaminergic effects on neural plas-
ticity in older adults, it will be important to also study LTD-like ef-
fects; this is one of our future projects. The second limitation is the
numberof participants,whichwas too small to perform independent
analyses of subgroups. The third limitation is that we did not include
young people in the present investigation. The fourth limitation is
that we did not study reproducibility of “significant responder” and
“nonresponder” classification in each participant. We can therefore
not firmly conclude that our effects show age-dependency. The fifth
limitation is that this study does not have a full crossover design, and
future investigations should therefore compare effects of both doses
in the same participants in a complete crossover design.

5. Conclusions

In this investigation, we show that dopamine improves the QPS-
induced LTP in healthy older adults as a whole, and especially in
QPS nonresponders. Our findings support the hypothesis that age-
related neural plasticity reductions may be partly explained by age-
related dopamine decreases in older adults. Furthermore, our re-
sults indicate that these LTP reductions in older adults could serve
as a biomarker for age-related dopamine decreases.
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