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Abstract: Previous research has shown that rope jumping improves physical health; however, little
is known about its impact on brain-derived monoamine neurotransmitters associated with cog-
nitive regulation. To address these gaps in the literature, the present study compared outcomes
between 15 healthy participants (mean age, 23.1 years) after a long-rope jumping exercise and a
control condition. Long-rope jumping also requires co-operation between people, attention, spatial
cognition, and rhythm sensation. Psychological questionnaires were administered to both con-
ditions, and Stroop task performance and monoamine metabolite levels in the saliva and urine
were evaluated. Participants performing the exercise exhibited lower anxiety levels than those in
the control condition. Saliva analyses showed higher 3-methoxy-4-hydroxyphenylglycol (a nore-
pinephrine metabolite) levels, and urine analyses revealed higher 3-methoxy-4-hydroxyphenylglycol
and 5-hydroxyindoleacetic acid (a serotonin metabolite) levels in the exercise condition than in the
control. Importantly, urinary 5-hydroxyindoleacetic acid level correlated with salivary and urinary
3-methoxy-4-hydroxyphenylglycol levels in the exercise condition. Furthermore, cognitive results
revealed higher Stroop performance in the exercise condition than in the control condition; this
performance correlated with salivary 3-methoxy-4-hydroxyphenylglycol levels. These results indi-
cate an association between increased 3-methoxy-4-hydroxyphenylglycol and attention in long-rope
jumping. We suggest that long-rope jumping predicts central norepinephrinergic activation and
related attention maintenance.

Keywords: long-rope jumping; attention; 3-methoxy-4-hydroxyphenylglycol; 5-hydroxyindoleacetic acid

1. Introduction

Exercise has beneficial effects on psychophysiological well-being and brain function [1,2].
However, a monotonous or complicated exercise training program may not be the most
enjoyable or easily performed exercise. In a society suffering from increasing health issues,
identifying simple and enjoyable exercises that can effectively mitigate mental illness-
related cognitive and brain dysfunction is important.

Being a simple and aerobic rhythmic exercise, the rope jumping program was intro-
duced as a teaching tool for improving physical health in Japanese elementary schools in
the early 1900s. Rope jumping co-ordinates movements of the upper and lower body to
maintain balance and rhythm. Pitreli and O’Shea reported that rope jumping combines the
angular momentum of the rope and vertical displacement of the body and involves upper
and lower synchrony where positioning and timing are critical [3]. Given that time per-
ception is involved in the processing of timing information [4], the rope jumping skill may
be associated with superior cognitive functions, including spatial-temporal perception. A
previous study reported that young adults who engaged in rope jumping had higher levels
of selective attention than young adults who did not exercise [5]. Rope jumping improves
C-reactive protein levels and bone density in adolescents [6,7]. However, little is known
about how rope jumping affects monoaminergic activity related to cognitive performance.
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The monoamine neurotransmitters norepinephrine, serotonin, and dopamine have
been implicated in various cognitive functions [8,9]. Norepinephrine is involved in the
regulation of the dorsal and ventral attention networks and thereby in reorienting and
switching attention [10,11]. Additionally, some positron emission tomography studies
have reported associations between dopamine or serotonin availability and attention
in healthy individuals [12,13]. These findings indicate that monoamines are critically
linked to selective attention. However, investigations of monoamines have been limited to
neuroimaging, and little is known about the association between direct monoamine levels
and cognitive function after rope jumping. Does rope jumping, which enhances attention
in young adults, change monoamine levels in the central nervous system (CNS)?

Biochemical studies have shown an association between monoamine levels in the periph-
eral nervous system (PNS) and the CNS [14,15]. Although 3-methoxy-4-hydroxyphenylglycol
(MHPG; a norepinephrine metabolite) levels in the plasma and cerebrospinal fluid (CSF) were
related to the central norepinephrinergic system according to some studies [16,17], several
other studies failed to demonstrate this association [18,19]. This discrepancy may be associ-
ated with the stress of invasive blood and/or CSF extraction. In contrast, salivary MHPG
(sMHPG), delivered via blood circulation, is a non-invasive marker for detecting changes
in the central norepinephrinergic system, as sMHPG has been reported to correlate with
plasma and CSF MHPG levels [20,21]. Additionally, a growing body of evidence indicates
that sMHPG levels can predict cognitive performance and mental health associated with
central norepinephrinergic activity [22,23]. Moreover, it has been reported that urinary
MHPG (uMHPG), which does not require invasive sampling, originates in the CNS [24,25].
Urinary homovanillic acid (uHVA; a dopamine metabolite) and 5-hydroxyindoleacetic acid
(u5-HIAA; a serotonin metabolite) are transported from the brain via the organic anion
transporter 3 system (OAT 3) in the blood-brain barrier [26,27]. Moreover, the reduction of
brain serotonin levels was correlated with lower u5-HIAA levels [14]. Such monoamine
metabolites in the saliva and urine can serve as non-invasive and useful markers for
detecting central monoamine activity in humans.

The effect of rope jumping exercise on cognitive regulation-relevant monoamine
neurotransmitters has received scant attention, and little is known about monoamine
metabolite levels in the saliva and urine after performing rope jumping exercise. However,
given the effect of rope jumping exercise on attention performance and physiological
function, it is important to clarify whether rope jumping exercise also affects the association
between monoamines and attention. To determine this association, we used long-rope
jumping as an experimental condition, as it is a rhythmic exercise requiring considerable
co-operation, attention, spatial cognition, and rhythm sensation when performed with
multiple persons.

The present study addresses two research questions. First, does the rhythmic exercise
of long-rope jumping enhance monoamine metabolite levels? Second, if improvement
is observed with the rhythmic exercise, does it lead to a corresponding improvement in
attention performance as measured by the Stroop task? To address these questions, we com-
pared monoamine metabolites levels in saliva and urine and Stroop performance between
long-rope jumping and non-exercise conditions. Based on the monoamine metabolite
differences between conditions, we further examined the associations between monoamine
metabolite levels and Stroop performance.

2. Materials and Methods
2.1. Participants

The Psychological Research Ethics Committee of Tezukayama University approved
the protocol (approval number 27−15), and all study participants provided informed
consent. Twenty-four university students (10 women and 14 men, aged 20–33 years) partic-
ipated in this study; they were recruited from Tezukayama University. Individuals with
a history of neurological, cardiovascular, or psychiatric illness, smoking, or use of drugs
(e.g., tranquilizers or hypnotics) were excluded. Since previous studies have reported asso-
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ciations between menstruation and monoamine metabolism and physical activity-related
physiological systems [28–30], five women were also excluded from the analysis because of
ongoing menstruation and/or physical deconditioning. Four men were excluded because
of physical deconditioning. The final analysis included 15 healthy students (5 women and
10 men; mean age = 23.1 years, SD = 3.4; mean education = 16.6 years, SD = 2.2).

2.2. Experimental Conditions

We selected long-rope jumping as the rhythmic exercise condition (EC). The rhythmic
exercise performed by four persons per group consisted of seven sessions of jumping
for 2 min, with 1 min of rest after each session. The rope made one rotation per second,
and a metronome was used to measure this rate. Moreover, the mean intensity in long-
rope jumping was 56.7% (mean heart rate during rope-jumping = 109.3 bpm, SE = 4.5;
mean maximum heart rate = 192.7 bpm, SE = 0.7), indicating mild rhythmic exercise for
maintaining health. The subjects had free access to water during the rhythmic exercise. In
contrast, the control condition (CC) was set as a period of relaxation in a private room for
30 min. During the relaxation period, the participants were allowed to drink only water,
and were not allowed to use the phone, read, exercise, or sleep. The present study was a
within-subjects counterbalanced design (Figure 1). First, all participants were randomly
assigned to either of the two conditions (control or exercise). After experiencing either
of the two conditions, the participants were treated with the unexperienced condition 1
month later.
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Figure 1. Study flow diagram.

2.3. Determination of MHPG in Saliva

Saliva was collected by placing two swabs on the sublingual gland in both conditions.
Saliva was immediately transferred to a polypropylene tube with 2.5% perchloric acid.
The tube was centrifuged at 10,000× g for 10 min at 4 ◦C. The obtained supernatant
was stored at −78 ◦C until assayed by high performance liquid chromatography (HPLC;
Nanospace SI-2 3001, Shiseido, Tokyo, Japan) equipped with an electrochemical detector
(Nanospace SI-2 3005, Shiseido, Japan). The supernatant was directly injected into the
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HPLC system. sMHPG concentration was measured using HPLC with an electrochemical
detector (voltage: 700 mV) and a chromate recorder (C-R8A, Shimadzu Co, Kyoto, Japan).
The mobile phase consisted of 15% methanol in a solution (pH 4.13) containing 30 mM
citric acid, 10 mM disodium hydrogen phosphate, 0.5 mM sodium octyl sulphate, 50 mM
sodium chloride, and 0.05 mM ethylenediaminetetraacetic acid. This was pumped through
a 5-µM C18 column (150 mm × 4.6 mm; TSK gel, ODS-80TM, Tosoh, Tokyo, Japan) at a flow
rate of 0.7 mL/min. sMHPG retention time was approximately 6 min. However, s5-HIAA
and sHVA were not detected in either condition.

2.4. Determination of Monoamine Metabolites in Urine

The collected urine in both conditions was diluted with 6.7 mM hydrochloric acid
and 2.5% perchloric acid. The mixture was centrifuged at 10,000× g for 10 min at 4 ◦C to
separate albumin. The obtained supernatant was stored at −78 ◦C until the HPLC assay.
The mobile phase, column, flow rate, and detection system were the same as those used for
sMHPG determination. The retention times of uMHPG, u5-HIAA, and uHVA were 6, 12,
and 18 min, respectively.

2.5. Psychological Measurements

The profile of mood states (POMS) is a 30-item questionnaire used to measures six
basic mood states on a 5-point Likert scale (0 = not at all to 4 = very): tension (e.g., “I feel
fidgety”), depression (e.g., “I feel dark”), anger (e.g., “I feel intense anger”), vigor (e.g., “I
have vigour”), fatigability (e.g., “I was tired”), and confusion (e.g., “I have not gathered my
thoughts”). In addition, the social behavioral questionnaire included 17 question items that
measure two basic social dimensions on a 5-point Likert scale (0 = not at all to 4 = very):
individual (e.g., “I value my own individuality”) and social (e.g., “I stay coordinated with
other people”) orientations.

2.6. Cognitive Measurements

Selective attention and cognitive flexibility were measured to compare the rhythmic
EC and CC. The cognitive test consisted of the classical version of the Stroop task as
previously reported [31]. Subjects were asked to name the ink color in congruent words
(e.g., the word red written in red ink) and incongruent words (e.g., the word blue written in
green ink, or the word yellow written in red ink). Under both congruent and incongruent
conditions, the words were printed on an A3 size paper with a font size of 16 for each word.
The participants were asked to answer with the word or color on the paper as quickly
and accurately as possible for 60 seconds/task, and the number of correct responses was
recorded. To offset the effect of task order, the order of tasks was counterbalanced for
all participants.

2.7. Procedure

The participants were instructed to refrain from consuming alcohol, coffee, fish, red
beef, and blue cheese for at least 24 h before the experiment. In addition, they were asked
to fast with water during the 90-min period before saliva and urine collection. On the
day of the experiment, participants urinated, brushed their teeth with water, and then
rested in a private room for 30 min. In the CC, saliva and urine were collected 30 min after
the relaxation period. Next, the mental/physical state of the participants was assessed
using questionnaires, and their cognitive function was tested using the Stroop task. In
the EC, saliva and urine were collected 30 min after completing the rhythmic exercise.
Next, questionnaires were administered to determine the mental and physical state of the
participants, and the Stroop task was administered to determine their cognitive function.

2.8. Statistical Analyses

Psychological, biochemical, and cognitive data were compared between the rhyth-
mic EC and CC using the paired sample t-test in IBM-SPSS, version 25 (IBM Corp., Ar-
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monk, NY, USA). However, multiple tests may induce a type I error for overestimating
significant effects under no-correction, or a type II error for underestimating significant
effects under conservative correction such as the Bonferroni methods. The resampling
method (e.g., permutation) can be used to estimate adjusted p-values while avoiding
parametric assumptions about the joint distribution of the test statistics [32,33]. We con-
ducted a permutation test using MATLAB R2020a (The Mathworks Inc., Natick, MA,
USA) for the validation of the original exercise effects detected under the uncorrected
α-level threshold. For each experimental data, all samples were randomized together
and resampled to obtain a dummy t-value. This procedure was repeated 10,000 times
for each of the 8 psychological, 4 biochemical, and 2 cognitive data. We pooled a to-
tal of t-values (80,000 t-values: 10,000 resampling × 8 psychological data, 40,000 t-values:
10,000 resampling × 4 biochemical data, 20,000 t-values: 10,000 resampling × 2 cognitive
data) and created a unique permutation t-distribution to obtain a single adjusted α-level
threshold (the top five percentile ranks in the distribution) of each t-value in the psycholog-
ical, biochemical, and cognitive data.

Finally, correlations were calculated using the Pearson correlation coefficient in IBM-
SPSS. For these multiple coefficients, validation tests for correlations were performed in
a permutation test using MATLAB R2020a. To examine the correlation in a given pair of
variables (e.g., urinary 5-HIAA and salivary MHPG), a dummy coefficient was obtained by
correlating the two variables randomly across participants. This procedure was repeated
10,000 times for each of the 16 correlations. We pooled a total of 160,000 dummy coeffi-
cients (10,000 resampling × 16 correlations) and created a unique permutation coefficient
distribution to obtain a single adjusted α-level threshold (the top five percentile ranks in
the distribution). For all analyses, p < 0.05 was considered statistically significant.

3. Results
3.1. Psychological Scores

The psychological data are shown in Table 1. There was a significant difference
between the two conditions in the POMS anxiety score (t(14) = 5.28, p < 0.001, d = 0.96).
The t-values in the POMS anxiety score were higher than the adjusted significance level
threshold (t(14) = 3.24) obtained in the permutation test. In contrast, there were no signifi-
cant differences in POMS depression, anger, vigor, fatigability and confusion scores, and
individual and social orientation between the two conditions. These results indicate that,
compared with the CC, the rhythmic exercise of long-rope jumping reduced anxiety levels.

Table 1. Psychological results in both conditions.

Scale Control Exercise p-Value

POMS anxiety 7.7 (1.2) 4.0 (0.7) <0.001
POMS depression 3.9 (0.8) 2.9 (0.7) 0.267
POMS anger 1.8 (0.5) 2.1 (1.1) 0.832
POMS vigour 7.9 (1.1) 7.7 (0.9) 0.909
POMS fatigability 10.1 (0.8) 11.5 (1.1) 0.257
POMS confusion 6.2 (0.7) 5.0 (0.8) 0.132
Individual orientation 23.9 (0.7) 25.1 (0.8) 0.098
Social orientation 33.7 (1.2) 34.9 (1.5) 0.342

Parameters are indicated as the mean (SE). p-values are from t-tests on condition differences. POMS, profile of
mood states; SE, standard error.

3.2. Rope Jumping Exercise-Related Monoamine Metabolite Changes and Cognitive Effects

Biochemical HPLC analyses showed significantly higher sMHPG levels in the EC than
in the CC (Figure 2A: t(14) = 2.48, p = 0.027, d = 0.61). As Figure 3 shows, most individuals
had an increased sMHPG ratio after rhythmic exercise. The condition differences in urinary
monoamine are shown in Figure 2B–D. Compared with the CC, rhythmic exercise caused
a significant increase in uMHPG (Figure 2B: t(14) = 3.18, p = 0.007, d = 1.15) and u5-HIAA
levels (Figure 2C: t(14) = 2.55, p = 0.023, d = 0.79). As Figures 4 and 5 show, most individuals
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showed an increased uMHPG and u5-HIAA ratio after rhythmic exercise. These t-values
were higher than the adjusted significance level threshold (t(14) =2.47) obtained in the
permutation test. In contrast, there were no significant between-condition differences in
uHVA levels (Figure 2D: t(14) = 0.86, p = 0.406, d = 0.27). As Figure 6 shows, most individuals
did not show differences in uHVA levels between CC and EC. These results indicate that
the rhythmic exercise of long-rope jumping increased the s/uMHPG and u5-HIAA levels.
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Figure 2. Change in monoamine metabolite levels stimulated by rhythmic rope jumping exercise. (A) Com-
pared with the control condition, rhythmic exercise increased salivary 3-methoxy-4-hydroxyphenylglycol
levels 30 min after exercise. (B,C) rhythmic exercise participants showed increased urinary 3-methoxy-
4-hydroxyphenylglycol and 5-hydroxyindoleacetic acid levels when compared with participants
in the control condition. (D) There was no significant difference between conditions in urinary
homovanillic acid level. Parameters are indicated as mean (SE). * p < 0.05, ** p < 0.01. sMHPG,
salivary 3-methoxy-4-hydroxyphenylglycol; uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol;
u5-HIAA, urinary 5-hydroxyindoleacetic acid; uHVA, urinary homovanillic acid; SE, standard error.
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Figure 3. Increased and decreased ratio of salivary 3-methoxy-4-hydroxyphenylglycol level between
conditions for each participant. Despite the large interindividual variance, 12 out of 15 partici-
pants had an increased ratio of 3-methoxy-4-hydroxyphenylglycol level during exercise compared
with the control condition. sMHPG, salivary 3-methoxy-4-hydroxyphenylglycol; CC, control con-
dition; EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC
compared with CC.
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Figure 4. Increased and decreased ratio of urinary 3-methoxy-4-hydroxyphenylglycol level between
conditions for each participant. Despite the large interindividual variance, 14 out of 15 participants
had an increased ratio of 3-methoxy-4-hydroxyphenylglycol level during exercise compared with
the control condition. uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol; CC, control condition;
EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared
with CC.
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Figure 5. Increased and decreased ratio of urinary 5-hydroxyindoleacetic acid level between condi-
tions for each participant. Despite the large interindividual variance, 11 out of 15 participants had an
increased ratio of 5-hydroxyindoleacetic acid level during exercise compared with the control condi-
tion. u5-HIAA, urinary 5-hydroxyindoleacetic acid; CC, control condition; EC, exercise condition; N,
increase ratio in EC compared with CC; H, decrease ratio in EC compared with CC.

The cognitive data are shown in Figure 7. There were significant differences between
the two conditions in the congruent (Figure 7A: t(14) = 2.45, p = 0.028, d = 0.75) and
incongruent word tasks (Figure 7B: t(14) = 2.39, p = 0.032, d = 0.30). As Figures 8 and 9
show, most individuals increased their Stroop performance after rhythmic exercise. These
t-values were higher than the adjusted significant level threshold (t(14) = 2.25) obtained
in the permutation test. These results indicate that participants showed higher attention
performance after the rhythmic exercise of long-rope jumping than after the CC.
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Figure 6. Increased and decreased ratio of urinary homovanillic acid level between conditions for
each participant. Although 5 participants had an increased ratio of homovanillic acid level in urine
during exercise compared with the control condition, in most participants homovanillic acid was not
detected in any condition. Homovanillic acid in urine may not be used as a biomarker of dopamine
in the central nervous system. uHVA, urinary homovanillic acid; CC, control condition; EC, exercise
condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared with CC; −,
no change.
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Figure 7. Effect of rhythmic rope jumping exercise on Stroop performance. (A) In the congruent word
task, rhythmic exercise increased the rate of correct responses compared with the control condition.
(B) In the incongruent word task, rhythmic exercise increased the rate of correct responses compared
with the control condition. Parameters are indicated as mean (SE). * p < 0.05. SE, standard error.
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Figure 8. Increased and decreased ratio of Stroop congruent performance between conditions for each
participant. Despite the large interindividual variance, 11 out of 15 participants had an increased ratio
of Stroop performance during exercise compared with the control condition. CC, control condition;
EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared
with CC.
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Figure 9. Increased and decreased ratio of Stroop incongruent performance between conditions
for each participant. Despite the large interindividual variance, 11 out of 15 participants had an
increased ratio of Stroop performance during exercise compared with the control condition. CC,
control condition; EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio
in EC compared with CC.

We also investigated the correlation between s/uMHPG levels and u5-HIAA lev-
els and Stroop performance (Table 2). The u5-HIAA levels were positively correlated
with the s/uMHPG levels in the rhythmic EC (sMHPG: r = 0.80, p < 0.001, uMHPG:
r = 0.58, p = 0.022). The absolute Pearson’s r values were higher than the adjusted signif-
icance level threshold (|r| = 0.54) obtained in the permutation test. In contrast, such a
correlation with sMHPG levels was not significant in the CC (sMHPG: r = 0.32, p = 0.241,
uMHPG: r = 0.10, p = 0.721). This shows that higher 5-HIAA levels are linked to higher
levels of MHPG.

Table 2. Correlations between monoamine metabolites and attention.

Pair of Variables Control Exercise

(A) Correlation with u5-HIAA
sMHPG 0.32 0.80 ***
uMHPG 0.10 0.58 *
(B) Correlation with Stroop performance
Congruent word task
sMHPG 0.26 0.61 *
uMHPG 0.44 0.03
u5-HIAA 0.35 0.38
Incongruent word task
sMHPG 0.27 0.50
uMHPG 0.59 * −0.30
u5-HIAA −0.25 0.38

* p < 0.05, *** p < 0.001. u5-HIAA, urinary 5-hydroxyindloeacetic acid; sMHPG, salivary 3-methoxy-4-
hydroxyphenylglycol; uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol.

In subsequent correlation analyses including sex, age, and education as the control
variables (Table 2), sMHPG levels were positively correlated with correct responses in
the congruent word task of the Stroop test in the EC (r = 0.61, p = 0.036). The absolute
Pearson’s r value was higher than the adjusted significance level threshold (|r| = 0.54)
obtained in the permutation test. In contrast, such a correlation was not found for the
CC (r = 0.26, p = 0.417). These results indicate that enhancement of the MHPG level
30 min after completion of the rhythmic exercise of long-rope jumping is linked to higher
attention performance.
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4. Discussion

This study aimed to investigate the association between the rhythmic exercise of
long-rope jumping and central monoaminergic and cognitive functions. The main findings
revealed that after the rhythmic rope jumping exercise, participants showed (1) a significant
reduction of anxiety scores; (2) increased s/uMHPG and u5-HIAA levels; and (3) improved
Stroop performance. Moreover, the higher release of 5-HIAA was associated with higher
MHPG levels in the EC. In addition, the MHPG levels that were increased by the rhythmic
rope jumping exercise were associated with higher attention performance on the Stroop task.
Our results indicate that long-rope jumping may affect cognitive function by activating the
norepinephrinergic and serotonergic systems and their interactions.

Consistent with previous findings [34,35], this study revealed that the rhythmic rope
jumping exercise significantly reduced anxiety scores compared to the CC. The improve-
ment in anxiety score might be explained by the decrease of hypothalamic corticotropin-
releasing factor and activation of the central monoaminergic system (e.g., norepinephrine
and serotonin) [36], both of which are based on the antianxiety and antidepressant effects
of exercise. Psychologically, exercise is also associated with a self-efficacy improvement
through progressive positive feedback, such as fitness gains [36]. The multimodal nature
of exercise may contribute to improving anxiety in our study.

In contrast to previous studies using aerobic exercise showing significant improvement
in depressive symptoms of high-depressive participants [37,38], we did not find similar
improvement in the POMS depression score of healthy participants. One possible reason is
the initial level of depression (e.g., high-depressive participants vs. healthy participants).
Another possible reason is that continued rope jumping exercise may strongly reduce
depression levels.

Concerning monoaminergic functions, s/uMHPG and u5-HIAA levels and their inter-
action were found to be increased by rhythmic rope jumping exercise. These findings can
be interpreted as central norepinephrinergic and serotonergic activation due to long-rope
jumping. Previous studies have reported that exhaustive exercise is associated with higher
serotonin synthesis [9,39] and lower norepinephrine levels in the brain [40], indicating that
monoamine changes are implicated in the central fatigue mechanism. However, one study
reported that after supplementation with 2-µM L-tryptophan (serotonin precursor), nerve
terminals took up the serotonin over a 60-min period, rapidly metabolizing it to 5-HIAA
to return the concentration of serotonin to its original level after 90 min [41]. Another
study emphasized that exercise performance is not influenced by fluoxetine (selective
serotonin reuptake inhibitor) [42]. These aspects of serotonin could contribute to increased
brain plasticity [43,44] but not induce central fatigue [9,41,42]. In particular, the increased
u5-HIAA levels due to the rhythmic exercise of long-rope jumping may help facilitate
neuroplasticity. Alternatively, the heightened u5-HIAA levels may be related to cognitive
demand and motor plan in long-rope jumping. The serotonergic system projects from
raphe nuclei to the precuneus and the hippocampus [45]. The precuneus is involved in
attention shift and timing function [46–48] and plays an important role in visuospatial
imagery for body movement control [49–51]. Malouin et al. reported activation of the
precuneus in imagery tasks of walking with obstacles through a virtual environment [52],
suggesting the involvement of the precuneus in efficient predictive adaptation of postural
control, motor coordination, spatial orientation, and reaction to moving objects/persons.
Moreover, the hippocampus has been implicated in the processing capacity of spatial
information as well as attention [53,54]. In addition, neuroimaging and neurophysiological
studies have showed that serotonergic modulation influences motor planning and sensory
perception (e.g., rhythm and timing) [55,56]. The accumulation of training in motor skills
involving high cognitive demand may strongly influence the precuneus and hippocampus
associated with the serotonergic system, presumably because visuospatial processing, coor-
dinating movements to maintain balance and rhythm, and attention shift are essential for
long-rope umping.
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Interestingly, although increased dopamine availability in the brain has an exercise
performance-enhancing effect [57], we could not detect uHVA excretion in most individ-
uals, nor were there significant differences between the two conditions. Dopaminergic
neurons are restricted to the nigrostriatal pathway [43], suggesting that dopamine content
is much lower in other regions, except for the striatum [58]. In contrast, serotonergic
and norepinephrinergic neurons are localized in the whole brain [58]. Therefore, higher
u5-HIAA and uMHPG excretion would be expected as these metabolites are transported
more from the whole brain via the OAT3, but not HVA excretion. Thus, uHVA excretion
may not function well as the central dopamine biomarker in our study.

Further analyses revealed that higher sMHPG levels were associated with better
Stroop performance in the rhythmic rope jumping exercise, indicating a rhythmic exercise-
specific link between processes controlling attention and the norepinephrinergic system.
This result suggests that long-rope jumping may facilitate attentional performance by
central norepinephrinergic activation.

The norepinephrinergic pathway projects from the locus coeruleus to the whole
brain [59]. A pharmacological study reported that after clonidine microinjection in rats,
the reduction of locus coeruleus-norepinephrinergic system activity reduces prefrontal-
dependent visuospatial attention performance [60], indicating a role of the norepinephriner-
gic system in attention associated with locus coeruleus-prefrontal circuit. In addition,
aerobic exercise is associated with the activation of these regions [61,62]. Although we
did not evaluate these brain functions, these aspects of the rhythmic exercise of long-rope
jumping may enhance the connectivity between the locus coeruleus and the prefrontal cor-
tex, associated with the ascending norepinephrinergic pathway. The increased peripheral
MHPG levels and their association with attention performance in our study suggest that
long-rope jumping may enhance central norepinephrine release for improved attention.

Finally, we provided the first evidence of a positive correlation between uMHPG levels
and incongruency processing, as measured by the Stroop task in healthy participants in the
CC. Since Stroop incongruent condition requires more attention and control of competitive
responses [63], the higher uMHPG levels may be fast to respond to the Stroop incongruent
effect. Although baseline sMHPG levels were associated with effort performance on the
Uchida-Kraepelin test [22], baseline uMHPG may predict effortful attention on the Stroop
interference. Therefore, baseline uMHPG could serve as a non-invasive biological marker
for detecting central norepinephrinergic activity and a useful predictive marker for arousal
and attention in healthy participants.

Our study has several limitations. As small sample size limits statistical power, the
results in our study might be considered as preliminary. However, our study size was
comparable to those in some biochemical sports trials [64,65] and, as indicated by the
interindividual differences in Figures 3–6, 8 and 9, increased s/uMHPG and u5-HIAA
levels and improved Stroop performance were observed in EC participants, suggesting that
the changes in central norepinephrinergic-serotonergic systems and attention performance
were caused by the rhythmic rope jumping exercise. Moreover, while the effects of long-
rope jumping have been demonstrated, it is still unclear which aspect of the exercise is
effective. For example, CC participants did not undergo any intervention, which limits
the interpretation of our findings. That is, social interaction, as well as the rope jumping
exercise, may have partially influenced the EC participants. However, it is unlikely that
our exercise effects are merely due to an increase in social interaction because the two
conditions did not differ in social orientation scores. Furthermore, the present study
was unable to recruit a sufficient number of participants for other aerobic exercises of
similar intensity (e.g., walking and dance) to further clarify the effects of rhythmic rope
jumping on monoamine levels and cognitive functions. Therefore, the specific effects on
aerobic demand or more complex cognitive demands of the motor planning involved in
rope jumping remain unclear and should be investigated in future studies. Finally, there
were few female participants in our sample. Therefore, the present results may not be
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generalizable to both sexes. Future research should focus on these issues to confirm or
reject our findings.

5. Conclusions

We found that the rhythmic exercise of long-rope jumping enhances cognitive perfor-
mance and central monoaminergic system function through central norepinephrinergic
activation. Biochemically, the increased s/uMHPG was associated with higher u5-HIAA
levels in the rhythmic rope jumping exercise. Moreover, the behavioral results indicated
exercise-specific improved attention performance, suggesting that long-rope jumping may
affect the central norepinephrinergic system for attention improvement. The main findings
of the present study shed new light on how long-rope jumping possibly influences the
central monoaminergic system.

Author Contributions: Conceptualization, M.Y. and T.Y.; methodology, M.Y. and T.Y.; validation,
M.Y. and T.Y.; software, M.Y.; formal analysis, M.Y.; investigation, M.Y. and T.Y.; data curation,
M.Y. and T.Y.; writing—original draft preparation, M.Y.; writing—review and editing, M.Y. and T.Y.;
visualization, M.Y. and T.Y.; supervision, M.Y.; project administration, M.Y.; funding acquisition, M.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Japan Society for the Promotion of Science, Grants-in-Aid
for Scientific Research (KAKENHI) (grant numbers 14J12587, 20K14255) to Masatoshi Yamashita. The
APC was funded by KAKENHI (grant number 20K14255) to Masatoshi Yamashita.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and the protocol was approved by the Psychological Research Ethics
Committee of Tezukayama University (approval number 27–15).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data that support the findings of this study are available from
the corresponding author upon reasonable request.

Acknowledgments: We are grateful to Yasuna Nakao, Ikue Kuwahara, Mako Miyaoka, Jin Kikuchi,
Akira Sakashita, Madoka Enouchi and Masakazu Morinaga for recruiting the students and supervis-
ing the long-rope jumping and Stroop tasks. We thank Takahiro Soshi for supporting the statistical
analyses. This study was conducted in the fitness room of Tezukayama University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bharath, L.P.; Choi, W.W.; Cho, J.-M.; Skobodzinski, A.A.; Wong, A.; Sweeney, T.E.; Park, S.-Y. Combined resistance and aerobic

exercise training reduces insulin resistance and central adiposity in adolescent girls who are obese: Randomized clinical trial. Eur.
J. Appl. Physiol. 2018, 118, 1653–1660. [CrossRef]

2. Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.; Heo, S.; Alves, H.; White, S.M.; et al. Exercise
training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017–3022. [CrossRef]

3. Pitreli, J.; O’shea, P. SPORTS PERFORMANCE SERIES: Rope Jumping: The biomechanics, techniques of and application to
athletic conditioning. Natl. Strength Cond. Assoc. J. 1986, 8, 5–13. [CrossRef]

4. Toplak, M.E.; Dockstader, C.; Tannock, R. Temporal information processing in ADHD: Findings to date and new methods. J.
Neurosci. Methods 2006, 151, 15–29. [CrossRef]

5. Coleman, M.; Offen, K.; Markant, J. Exercise Similarly Facilitates Men and Women’s Selective Attention Task Response Times but
Differentially Affects Memory Task Performance. Front. Psychol. 2018, 9, 1405. [CrossRef]

6. Ha, A.S.; Ng, J.Y.Y. Rope skipping increases bone mineral density at calcanei of pubertal girls in Hong Kong: A quasi-experimental
investigation. PLoS ONE 2017, 12, e0189085. [CrossRef]

7. Sung, K.-D.; Pekas, E.J.; Scott, S.D.; Son, W.-M.; Park, S.-Y. The effects of a 12-week jump rope exercise program on abdominal
adiposity, vasoactive substances, inflammation, and vascular function in adolescent girls with prehypertension. Eur. J. Appl.
Physiol. 2019, 119, 577–585. [CrossRef]

8. Dahl, M.J.; Mather, M.; Sander, M.C.; Werkle-Bergner, M. Noradrenergic Responsiveness Supports Selective Attention across the
Adult Lifespan. J. Neurosci. 2020, 40, 4372–4390. [CrossRef] [PubMed]

9. Yamashita, M. Potential Role of Neuroactive Tryptophan Metabolites in Central Fatigue: Establishment of the Fatigue Circuit. Int.
J. Tryptophan Res. 2020, 13, 1178646920936279. [CrossRef] [PubMed]

http://doi.org/10.1007/s00421-018-3898-8
http://doi.org/10.1073/pnas.1015950108
http://doi.org/10.1519/0744-0049(1986)008&lt;0005:RJTBTO&gt;2.3.CO;2
http://doi.org/10.1016/j.jneumeth.2005.09.018
http://doi.org/10.3389/fpsyg.2018.01405
http://doi.org/10.1371/journal.pone.0189085
http://doi.org/10.1007/s00421-018-4051-4
http://doi.org/10.1523/JNEUROSCI.0398-19.2020
http://www.ncbi.nlm.nih.gov/pubmed/32317388
http://doi.org/10.1177/1178646920936279
http://www.ncbi.nlm.nih.gov/pubmed/32647476


Brain Sci. 2021, 11, 1347 13 of 15

10. Bouret, S.; Sara, S.J. Network reset: A simplified overarching theory of locus coeruleus noradrenaline function. Trends Neurosci.
2005, 28, 574–582. [CrossRef] [PubMed]

11. Corbetta, M.; Patel, G.; Shulman, G.L. The reorienting system of the human brain: From environment to theory of mind. Neuron
2008, 58, 306–324. [CrossRef]

12. Vernaleken, I.; Buchholz, H.-G.; Kumakura, Y.; Siessmeier, T.; Stoeter, P.; Bartenstein, P.; Cumming, P.; Gründer, G. ‘Prefrontal’
cognitive performance of healthy subjects positively correlates with cerebral FDOPA influx: An exploratory [18F]-fluoro-L-DOPA-
PET investigation. Hum. Brain Mapp. 2007, 28, 931–939. [CrossRef]

13. Madsen, K.; Erritzoe, D.; Mortensen, E.L.; Gade, A.; Madsen, J.; Baaré, W.; Knudsen, G.M.; Hasselbalch, S.G. Cognitive function is
related to fronto-striatal serotonin transporter levels – a brain PET study in young healthy subjects. Psychopharmacology 2011,
213, 573–581. [CrossRef]

14. Morinaga, M.; Shimizu, T.; Yamashita, M.; Yamamoto, T. The measurement of the quantity of urinary 5-hydroxyindoleacetic
acid excretion as the noninvasive marker of the 5-HT content in the brain: About brain-urine correlation after the 5,7-
dihydroxytryptamine microinjection. Jan. J. Cogn. Neurosci. 2017, 19, 95–101, (In Japanese, English abstract).

15. Yano, S.; Moseley, K.; Fu, X.; Azen, C. Evaluation of Tetrahydrobiopterin Therapy with Large Neutral Amino Acid Supple-
mentation in Phenylketonuria: Effects on Potential Peripheral Biomarkers, Melatonin and Dopamine, for Brain Monoamine
Neurotransmitters. PLoS ONE 2016, 11, e0160892. [CrossRef]

16. Sheline, Y.I.; Miller, K.; Bardgett, M.E.; Csernansky, J.G. Higher cerebrospinal fluid MHPG in subjects with dementia of the
Alzheimer type. Relationship with cognitive dysfunction. Am. J. Geriatr. Psychiatry 1998, 6, 155–161. [CrossRef] [PubMed]

17. Takase, M.; Kimura, H.; Kanahara, N.; Nakata, Y.; Iyo, M. Plasma monoamines change under dopamine supersensitivity psychosis
in patients with schizophrenia: A comparison with first-episode psychosis. J. Psychopharmacol. 2020, 34, 540–547. [CrossRef]

18. Pohl, R.; Ettedgui, E.; Bridges, M.; Lycaki, H.; Jimerson, D.; Kopin, I.; Rainey, J.M. Plasma MHPG levels in lactate and isopro-
terenol anxiety state. Biol. Psychiatry 1987, 22, 1127–1136. [CrossRef]

19. Uhde, T.W.; Joffe, R.T.; Jimerson, D.C.; Post, R.M. Normal urinary free cortisol and plasma MHPG in panic disorder: Clinical and
theoretical implications. Biol. Psychiatry 1988, 23, 575–585. [CrossRef]

20. Reuster, T.; Rilke, O.; Oehler, J. High correlation between salivary MHPG and CSF MHPG. Psychopharmacology 2002, 162, 415–418.
[CrossRef]

21. Yang, R.K.; Yehuda, R.; Holland, D.D.; Knott, P.J. Relationship between 3-methoxy-4-hydroxypheylglycol and homovanillic acid
in saliva and plasma of healthy volunteers. Biol. Psychiatry 1997, 42, 821–826. [CrossRef]

22. Li, G.Y.; Ueki, H.; Kawashima, T.; Sugataka, K.; Muraoka, T.; Yamada, S. Involvement of the noradrenergic system in per-formance
on a continuous task requiring effortful attention. Neuropsychobiology 2004, 50, 336–340. [CrossRef] [PubMed]

23. Li, G.Y.; Watanabe, I.; Kunitake, Y.; Sugataka, K.; Muraoka, T.; Kojima, N.; Kawashima, T.; Yamada, S. Relationship between saliva
level of 3-methoxy-4-hydroxyphenylglycol and mental health in the elderly general population. Psychiatry Clin. Neurosci. 2008,
62, 562–567. [CrossRef] [PubMed]

24. Maas, J.W. Relationships between central nervous system noradrenergic function and plasma and urinary concentrations of
norepinephrine metabolites. Adv. Biochem. Psychopharmacol. 1984, 39, 45–55. [PubMed]

25. Kurita, M.; Nishino, S.; Numata, Y.; Okubo, Y.; Sato, T. The noradrenaline metabolite MHPG is a candidate biomarker between
the depressive, remission, and manic states in bipolar disorder I: Two long-term naturalistic case reports. Neuropsychiatr. Dis.
Treat. 2015, 11, 353–358. [CrossRef] [PubMed]

26. Ohtsuki, S.; Hori, S.; Terasaki, T. Molecular mechanisms of drug influx and efflux transport at the blood-brain barrier. Folia
Pharmacol. Jpn. 2003, 122, 55–64. [CrossRef]

27. Mori, S.; Takanaga, H.; Ohtsuki, S.; Deguchi, T.; Kang, Y.S.; Hosoya, K.; Terasaki, T. Rat organic anion transporter 3 (rOAT3) is
responsible for brain-to-blood efflux of homovanillic acid at the abluminal membrane of brain capillary endothelial cells. J. Cereb.
Blood Flow Metab. 2003, 23, 432–440. [CrossRef]

28. Constantini, N.W.; Dubnov, G.; Lebrun, C.M. The Menstrual Cycle and Sport Performance. Clin. Sports Med. 2005, 24, e51–e82.
[CrossRef] [PubMed]

29. Hansson, S.R.; Bottalico, B.; Noskova, V.; Casslén, B. Monoamine transporters in human endometrium and decidua. Hum. Reprod.
Update 2008, 15, 249–260. [CrossRef]

30. Janse de Jonge, X.A. Effects of the menstrual cycle on exercise performance. Sports Med. 2003, 33, 833–851. [CrossRef]
31. Ghimire, N.; Paudel, B.H.; Khadka, R.; Singh, P.N. Reaction time in Stroop test in Nepalese Medical Students. J. Clin. Diagn. Res.

2014, 8, BC14–BC16. [CrossRef] [PubMed]
32. Camargo, A.; Azuaje, F.; Wang, H.; Zheng, H. Permutation – based statistical tests for multiple hypotheses. Source Code Biol. Med.

2008, 3, 15. [CrossRef] [PubMed]
33. Nichols, T.E.; Holmes, A.P. Nonparametric permutation tests for functional neuroimaging: A primer with examples. Hum. Brain

Mapp. 2002, 15, 1–25. [CrossRef] [PubMed]
34. Bonhauser, M.; Fernandez, G.; Püschel, K.; Yañez, F.; Montero, J.; Thompson, B.; Coronado, G. Improving physical fitness and

emotional well-being in adolescents of low socioeconomic status in Chile: Results of a school-based controlled trial. Health Promot.
Int. 2005, 20, 113–122. [CrossRef]

35. De Moor, M.; Beem, A.; Stubbe, J.; Boomsma, D.; de Geus, E. Regular exercise, anxiety, depression and personality: A population-
based study. Prev. Med. 2006, 42, 273–279. [CrossRef]

http://doi.org/10.1016/j.tins.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16165227
http://doi.org/10.1016/j.neuron.2008.04.017
http://doi.org/10.1002/hbm.20325
http://doi.org/10.1007/s00213-010-1926-4
http://doi.org/10.1371/journal.pone.0160892
http://doi.org/10.1097/00019442-199805000-00009
http://www.ncbi.nlm.nih.gov/pubmed/9581211
http://doi.org/10.1177/0269881119900982
http://doi.org/10.1016/0006-3223(87)90054-0
http://doi.org/10.1016/0006-3223(88)90004-2
http://doi.org/10.1007/s00213-002-1125-z
http://doi.org/10.1016/S0006-3223(97)00055-3
http://doi.org/10.1159/000080962
http://www.ncbi.nlm.nih.gov/pubmed/15539866
http://doi.org/10.1111/j.1440-1819.2008.01850.x
http://www.ncbi.nlm.nih.gov/pubmed/18950376
http://www.ncbi.nlm.nih.gov/pubmed/6431762
http://doi.org/10.2147/NDT.S74550
http://www.ncbi.nlm.nih.gov/pubmed/25709459
http://doi.org/10.1254/fpj.122.55
http://doi.org/10.1097/01.WCB.0000050062.57184.75
http://doi.org/10.1016/j.csm.2005.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15892917
http://doi.org/10.1093/humupd/dmn048
http://doi.org/10.2165/00007256-200333110-00004
http://doi.org/10.7860/JCDR/2014/10615.4891
http://www.ncbi.nlm.nih.gov/pubmed/25386424
http://doi.org/10.1186/1751-0473-3-15
http://www.ncbi.nlm.nih.gov/pubmed/18939983
http://doi.org/10.1002/hbm.1058
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://doi.org/10.1093/heapro/dah603
http://doi.org/10.1016/j.ypmed.2005.12.002


Brain Sci. 2021, 11, 1347 14 of 15

36. Anderson, E.; Shivakumar, G. Effects of exercise and physical activity on anxiety. Front. Psychiatry 2013, 4, 27. [CrossRef]
37. Saeed, S.A.; Cunningham, K.; Bloch, R.M. Depression and Anxiety Disorders: Benefits of Exercise, Yoga, and Meditation. Am.

Fam. Physician 2019, 99, 620–627.
38. Meyer, J.D.; Koltyn, K.F.; Stegner, A.J.; Kim, J.-S.; Cook, D.B. Influence of Exercise Intensity for Improving Depressed Mood in

Depression: A Dose-Response Study. Behav. Ther. 2016, 47, 527–537. [CrossRef] [PubMed]
39. Acworth, I.; Nicholass, J.; Morgan, B.; Newsholme, E. Effect of sustained exercise on concentrations of plasma aromatic and

branched-chain amino acids and brain amines. Biochem. Biophys. Res. Commun. 1986, 137, 149–153. [CrossRef]
40. Foley, T.E.; Fleshner, M. Neuroplasticity of dopamine circuits after exercise: Implications for central fatigue. Neuromol. Med. 2008,

10, 67–80. [CrossRef]
41. Yamamoto, T.; Azechi, H.; Board, M. Essential role of excessive tryptophan and its neurometabolites in fatigue. Can. J. Neurol. Sci.

2012, 39, 40–47. [CrossRef] [PubMed]
42. Meeusen, R.; Piacentini, M.F.; Magnus, L.; Eynde, S.V.D.; De Meirleir, K. Exercise performance is not influenced by a 5-HT

reuptake inhibitor. Int. J. Sports Med. 2001, 22, 329–336. [CrossRef] [PubMed]
43. Lin, T.-W.; Kuo, Y.-M. Exercise benefits brain function: The monoamine connection. Brain Sci. 2013, 3, 39–53. [CrossRef] [PubMed]
44. Del Angel-Meza, A.; Ramıírez-Cortés, L.; Olvera-Cortés, M.E.; Pérez-Vega, M.I.; González-Burgos, I. A tryptophan-deficient

corn-based diet induces plastic responses in cerebellar cortex cells of rat offspring. Int. J. Dev. Neurosci. 2001, 19, 447–453.
[CrossRef]

45. Vanicek, T.; Kutzelnigg, A.; Philippe, C.; Sigurdardottir, H.L.; James, G.M.; Hahn, A.; Kranz, G.; Höflich, A.; Kautzky, A.;
Traub-Weidinger, T.; et al. Altered interregional molecular associations of the serotonin transporter in attention deficit/hyperactivity
disorder assessed with PET. Hum. Brain Mapp. 2017, 38, 792–802. [CrossRef]

46. Nagahama, Y.; Okada, T.; Katsumi, Y.; Hayashi, T.; Yamauchi, H.; Sawamoto, N.; Toma, K.; Nakamura, K.; Hanakawa, T.;
Konishi, J.; et al. Transient neural activity in the medial superior frontal gyrus and precuneus time locked with attention shift
between object features. Neuroimage 1999, 10, 193–199. [CrossRef]

47. Naghavi, H.R.; Nyberg, L. Common fronto-parietal activity in attention, memory, and consciousness: Shard demands on
integration? Conscious. Cogn. 2005, 14, 390–425. [CrossRef]

48. Hart, H.; Radua, J.; Mataix-Cols, D.; Rubia, K. Meta-analysis of fMRI studies of timing in attention-deficit hyperactivity disorder
(ADHD). Neurosci. Biobehav. Rev. 2012, 36, 2248–2256. [CrossRef]

49. Ogiso, T.; Kobayashi, K.; Sugishita, M. The precuneus in motor imagery: A magnetoencephalographic study. Neuroreport 2000,
11, 1345–1349. [CrossRef]

50. Suchan, B.; Yaguez, L.; Wunderlich, G.; Canavan, A.G.; Herzog, H.; Tellmann, L.; Homberg, V.; Seitz, R.J. Hemispheric dis-
sociation of visual-pattern processing and visual rotation. Behav. Brain Res. 2002, 136, 533–544. [CrossRef]

51. Tian, Q.; Resnick, S.M.; Davatzikos, C.; Erus, G.; Simonsick, E.M.; Studenski, S.A.; Ferrucci, L. A prospective study of focal brain
atrophy, mobility and fitness. J. Intern. Med. 2019, 286, 88–100. [CrossRef]

52. Malouin, F.; Richards, C.L.; Jackson, P.; Dumas, F.; Doyon, J. Brain activations during motor imagery of locomotor-related tasks: A
PET study. Hum. Brain Mapp. 2003, 19, 47–62. [CrossRef]

53. Goldfarb, E.V.; Chun, M.M.; Phelps, E.A. Memory-Guided Attention: Independent Contributions of the Hippocampus and
Striatum. Neuron 2016, 89, 317–324. [CrossRef]

54. Kaplan, R.; Horner, A.J.; Bandettini, P.A.; Doeller, C.F.; Burgess, N. Human hippocampal processing of environmental novelty
during spatial navigation. Hippocampus 2014, 24, 740–750. [CrossRef]

55. Biskup, C.S.; Helmbold, K.; Baurmann, D.; Klasen, M.; Gaber, T.J.; Bubenzer-Busch, S.; Königschulte, W.; Fink, G.R.; Zepf, F.D.
Resting state default mode network connectivity in children and adolescents with ADHD after acute tryptophan depletion. Acta
Psychiatr. Scand. 2016, 134, 161–171. [CrossRef] [PubMed]

56. Flaive, A.; Fougère, M.; Van Der Zouwen, C.I.; Ryczko, D. Serotonergic Modulation of Locomotor Activity From Basal Vertebrates
to Mammals. Front. Neural Circuits 2020, 14, 590299. [CrossRef]

57. Balthazar, C.H.; Leite, L.H.; Rodrigues, A.G.; Coimbra, C.C. Performance-enhancing and thermoregulatory effects of intrac-
erebroventricular dopamine in running rats. Pharmacol. Biochem. Behav. 2009, 93, 465–469. [CrossRef] [PubMed]

58. Yamashita, M.; Yamamoto, T. Tryptophan circuit in fatigue: From blood to brain and cognition. Brain Res. 2017, 1675, 116–126.
[CrossRef] [PubMed]

59. Moore, R.Y.; E Bloom, F. Central catecholamine neuron systems: Anatomy and physiology of the dopamine systems. Annu. Rev.
Neurosci. 1978, 1, 129–169. [CrossRef]

60. Mair, R.D.; Zhang, Y.; Bailey, K.R.; Toupin, M.M.; Mair, R.G. Effects of clonidine in the locus coeruleus on prefrontal- and
hippocampal-dependent measures of attention and memory in the rat. Psychopharmacology 2005, 181, 280–288. [CrossRef]

61. Kujach, S.; Byun, K.; Hyodo, K.; Suwabe, K.; Fukuie, T.; Laskowski, R.; Dan, I.; Soya, H. A transferable high-intensity inter-mittent
exercise improves executive performance in associated with dorsolateral prefrontal activation in young adults. Neu-roimage 2018,
169, 117–125. [CrossRef]

62. Murray, P.S.; Groves, J.L.; Pettett, B.J.; Britton, S.L.; Koch, L.G.; Dishman, R.K.; Holmes, P.V. Locus coeruleus galanin expres-sion
is enhanced after exercise in rats selectively bred for high capacity for aerobic activity. Peptides 2010, 31, 2264–2268. [CrossRef]

63. Kane, M.J.; Engle, R.W. Working-memory capacity and the control of attention: The contributions of goal neglect, response
competition, and task set to Stroop interference. J. Exp. Psychol. Gen. 2003, 132, 47–70. [CrossRef] [PubMed]

http://doi.org/10.3389/fpsyt.2013.00027
http://doi.org/10.1016/j.beth.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27423168
http://doi.org/10.1016/0006-291X(86)91188-5
http://doi.org/10.1007/s12017-008-8032-3
http://doi.org/10.1017/S031716710001266X
http://www.ncbi.nlm.nih.gov/pubmed/22384494
http://doi.org/10.1055/s-2001-15648
http://www.ncbi.nlm.nih.gov/pubmed/11510868
http://doi.org/10.3390/brainsci3010039
http://www.ncbi.nlm.nih.gov/pubmed/24961306
http://doi.org/10.1016/S0736-5748(01)00004-1
http://doi.org/10.1002/hbm.23418
http://doi.org/10.1006/nimg.1999.0451
http://doi.org/10.1016/j.concog.2004.10.003
http://doi.org/10.1016/j.neubiorev.2012.08.003
http://doi.org/10.1097/00001756-200004270-00039
http://doi.org/10.1016/S0166-4328(02)00204-8
http://doi.org/10.1111/joim.12894
http://doi.org/10.1002/hbm.10103
http://doi.org/10.1016/j.neuron.2015.12.014
http://doi.org/10.1002/hipo.22264
http://doi.org/10.1111/acps.12573
http://www.ncbi.nlm.nih.gov/pubmed/27145324
http://doi.org/10.3389/fncir.2020.590299
http://doi.org/10.1016/j.pbb.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19549536
http://doi.org/10.1016/j.brainres.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28893581
http://doi.org/10.1146/annurev.ne.01.030178.001021
http://doi.org/10.1007/s00213-005-2263-x
http://doi.org/10.1016/j.neuroimage.2017.12.003
http://doi.org/10.1016/j.peptides.2010.09.005
http://doi.org/10.1037/0096-3445.132.1.47
http://www.ncbi.nlm.nih.gov/pubmed/12656297


Brain Sci. 2021, 11, 1347 15 of 15

64. Oikawa, S.Y.; Macinnis, M.J.; Tripp, T.R.; Mcglory, C.; Baker, S.K.; Phillips, S.M. Lactalbumin, Not Collagen, Augments Muscle
Protein Synthesis with Aerobic Exercise. Med. Sci. Sports Exerc. 2020, 52, 1394–1403. [CrossRef] [PubMed]

65. Olsen, T.; Sollie, O.; Nurk, E.; Turner, C.; Jernerén, F.; Ivy, J.L.; Vinknes, K.J.; Clauss, M.; Refsum, H.; Jensen, J. Exhaustive Exercise
and Post-exercise Protein Plus Carbohydrate Supplementation Affect Plasma and Urine Concentrations of Sulfur Amino Acids,
the Ratio of Methionine to Homocysteine and Glutathione in Elite Male Cyclists. Front. Physiol. 2020, 11, 609335. [CrossRef]
[PubMed]

http://doi.org/10.1249/MSS.0000000000002253
http://www.ncbi.nlm.nih.gov/pubmed/31895298
http://doi.org/10.3389/fphys.2020.609335
http://www.ncbi.nlm.nih.gov/pubmed/33384615

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Conditions 
	Determination of MHPG in Saliva 
	Determination of Monoamine Metabolites in Urine 
	Psychological Measurements 
	Cognitive Measurements 
	Procedure 
	Statistical Analyses 

	Results 
	Psychological Scores 
	Rope Jumping Exercise-Related Monoamine Metabolite Changes and Cognitive Effects 

	Discussion 
	Conclusions 
	References

